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Comparison of Absorption Spectrum of Uranium Tetrachloride with that of Praseodymium 
Trichloride and of Uranium Trichloride with that of Neodymium Trichloride* 


KENNETH M. SANCIER AND SIMON FREED 
Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, New York 


(Received October 19, 1951) 


The absorption spectra of the following substances were taken 
at 77°K: crystals of anhydrous uranium tetrachloride, praseo- 
dymium trichloride, uranium trichloride, neodymium trichloride, 
uranium tetrafluoride, and a solution of uranium tetrachloride in 
a solvent consisting of propyl alcohol, propene, and propane. 

The spectra of the “‘iso-electronic” ions U** and Pr* exhibited 
a match in wave number of the centers of gravity of the separate 
absorption groups. The correspondence is especially evident 
between the spectrum of uranium tetrachloride and that of praseo- 
dymium chloride. The uranium tetrafluoride furnished a spectrum 
resembling the chloride but the separations of the absorption 
regions were not so clear. 

These correspondences between U** and Pr*? lead to term 
assignments for the basic and activated electronic states of U*# 
since those of Pr** are known. Thus, the two least stable electrons 


of U** in the basic state and to a good approximation in the 
excited states lies within the 5f shell. 

The interaction of the fields of the environment of the ions in 
the case of U** is greater than in the case of Pr**-and is especially 
marked in their 'I, states. The greater interaction is in agreement 
with the greater effects of different ionic environments on the 
spectra of U**, the greater intensity of the “forbidden” transitions 
and other physical properties. 

The correlation of the spéctra of U** and Nd** is less distinct 
even though the same approach may well be valid in view of their 
similar color. The areas of absorption are not as distinctly separate 
and may even overlap. 

A new method has been developed for obtaining the absorption 
spectra of very small anisotropic crystals. 





INTRODUCTION 


N order to investigate the possible similarity of the 

quantum character of ions in the transuranic and 
tare earth series, the spectra of the anhydrous chlorides 
of the “‘iso-electronic” combinations U+4—Prt* and 
U*—Nd*8 have been taken at 77°K. Salts of both 
U* and Pr+* are green in crystals and solutions. While 
the solutions of the salts of U+® and Nd** are red, and 
the color of salts of neodymium are also red, the crystals 
of uranium trichloride have a greenish cast. Because of 


presumed differences in effective nuclear charge and in 
interactions with the ionic environment, there is cer- 
tainly no a priori reason to anticipate a match between 
the spectra of these iso-electronic combinations. How- 
ever, simple correspondence has actually been found to 
occur between the spectra of Ut* and Pr**, 


EXPERIMENTAL 


The technique depends on the birefringent character 
of the material. By placing small anisotropic crystals 
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> Fic. 1. Absorption spectra at 77°K: (a) UCk solution in 10 percent n-provyl alcohol in 1.1 propane-propene, (b) UCk crystals, (c) 
tC crystals, and (c’) PrCl; thinner crystals. Note added in proof.—The sharp line at 5830A in the spectrum of praseodymium trichloride 
©) has been found due to the presence of dissolved neodymium trichloride as an impurity. Its presence does not affect the correspondence 


tawn between the spectra. 
‘Tiana 


— 


* Research carried out under the auspices of the AEC. 
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1$,000 20,000 25,000 
Frequency (cm~) 


Fic. 2. Comparison of centers of gravity of absorption bands of 
the “‘iso-electronic” ions Pr** and Ut*. The lowest row gives the 
theoretical quantum character of the excited states; the basic 
state is *Hy. 


between crossed nicols, light is transmitted through 
them because of their birefringence while around them 
the field is dark. Thus microscopic diaphragming of the 
separate crystals is obtained. This light is focused on the 
slit of the grating spectrograph. The intensity of the 
light scattered and diffracted at the edges of the crystals 
is much reduced, and consequently a good contrast is 
achieved between absorption and transmission. 

The spectrum obtained is averaged over many orien- 
tations but not along an isotropic axis. The method is 
limited by the transparency of the polarizing prisms. 

All the salts were prepared in a vacuum line consist- 
ing of glass and fused quartz where necessary. The fused 
quartz tube used in a series of sublimation constituted 
the optical cell. For taking spectra at low temperature, 
the latter was placed in a fused quartz Dewar flask 
containing liquid nitrogen. 


Uranium tetrachloride was dried in an atmosphere of hydrogen 
chloride while the temperature was slowly raised to 250°C over a 
period of three hours, and was then sublimed at 450°C in vacuum. 

The uranium trichloride was prepared by reducing the tetra- 
chloride with hydrogen at 600-700°C and was sublimed at higher 
temperatures. 

Uranium tetrafluoride was sublimed in vacuum from an incan- 
descent platinum boat onto a quartz plate which was then intro- 
duced into the optical cell and‘dried by heating in the presence of 
dry hydrogen fluoride. 

For purposes of comparison with the spectra of anhydrous 
uranium tetrachloride, a solution of this salt fluid at 77°K was 
prepared. Dry n-propyl alcohol was condensed on the sublimed 
uranium tetrachloride which dissolved rapidly. Then a 1:1 
mixture of propane-propene was condensed into the alcoholic 
solution at 190°K making the solution 10 percent alcohol. After 
thorough mixing at 230°K, the solution was cooled to 77°K where 
it had about the same fluidity as glycerine at room temperature. 

The anhydrous chlorides of neodymium and praseodymium 


| 
5000 


originated in hydrates which were dried in an atmosphere of 
hydrogen chloride while slowly raising the temperature to 250°C, 
and the anhydrous salts were sublimed at 850-900°C in vacuum in 
the optical tube. 


DISCUSSION 


The wavelengths found for uranium tetrachloride 
agree with those of Freymann and associates! for the 
most part, but in general, we have found fewer lines. 

In Fig. 1 are given parts of the spectra at 77°K of 
uranium tetrachloride in solution and as crystals, and 
praseodymium trichloride. 

In Fig. 2 comparison is made between the spectra ona 
wave number scale. Only the centers of gravity of the 
groups of lines, either discrete or unresolved, are given. 
It is evident that the spectra of the crystals of uranium 
tetrachloride, as well as that of its solution at 77°K, 
fall into separate regions which are roughly the same 
as those of praseodymium trichloride. The spectrum of 
uranium tetrafluoride also falls into such clusters, but 
the regions are not as distinct as those of the tetra- 
chloride. The solution of the tetrachloride is transparent’ 
from the last group listed at 4350A to about 3000A 
where a sharp cutoff occurs and continuous absorption 
sets in. Except for this continuum of U*, the spectra 
of Pr** and of U+ have their absorptions in the same 
spectral regions. 

The existence of the strong continuum at about 3000A 
in the spectrum of U* can be accounted for in terms of 
the reduction of U+* to U+* where an electron is trans- 
ferred to the U+4 from its environment, a transition 
analogous to the photographic process in which silver 
ion Agt is reduced to atomic silver. We have, in fact, 
observed? the photochemical reduction of Ut* to U** in 
a solution of UCI, at 77°K upon irradiating with ultra- 
violet light below 3000A. The corresponding continuum 
for Prt® does not occur because of the instability of 
Prt’. A continuum is believed to exist in the spectrum 
of Prt* at about 2100A, but this is a result of the ioniza- 
tion of Pr** to Prt; the analogous ionization of U™ 
to Ut+® would probably require more energy and its 
continuum would appear still farther in the ultraviolet. 

The centers of gravity of the PrCl; groups agree 
very well with those reported by Mukherji* for PrCls 
-7H.O as well as with the frequencies calculated by 
Spedding,’ and the transitions from the basic state, 
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Fic. 3. Absorption spectra of crystals at 77°K of UCI; and NdCls. 


1 Freymann, Freymann, and Rohmer, Compt. rend. 230, No. 17, 1524 (1950). 

? The transparency of regions of the spectra is relative only since by increasing the light path either through the solution or through 
the crystals, more and more absorption becomes evident. In addition to weak electronic transitions the origins of these faint 
absorptions are to be ascribed mostly to various coupling of the ions with their environments. 


3 (To be published). 
4P. C. Mukherji, Indian J. Phys. 11, 399-407 (1937). 
5 F. H. Spedding, Phys. Rev. 58, 255-57 (1940). 
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SPECTRUM OF UCl,, 
iH,, to the terms given in Fig. 2 are those of Mukherji 
and Spedding for Pr** (Pr IV). The over-all centers of 
gravity of the groups of UCI, which have been included 
within the dotted lines are the same for the crystal and 
the solution and roughly conform with the centers of 
gravity of the three groups for PrCl; identified with the 
transition to 'I¢.t That PrCl; and UCl, have similar 
color to the eye is consistent with this behavior. The 
justification for gathering the absorptions in the region 
of the red into one transition, 'I¢, and identifying them 
as equivalent to one electronic transition is the follow- 
ing: The strong group in the spectra of the crystals 
UCl, at about 16350 cm™ has only an extremely feeble 
absorption in the solution of these crystals. The omis- 
sion of such a strong band from the spectrum of a rare- 
earth ion in different fields is not to be expected. How- 
ever, by interaction with different external fields it is 
common to find change in number and spacing of the 
components within a group corresponding to one elec- 
tronic transition. The spread in the decomposition of the 
state of U** corresponding to the state 'I, for Pr** is 
3000 cm~. In Pr** compounds, this spread is consider- 
ably less; in PrCl; it is 500 cm. However, it is 700 cm 
from praseodynium sulfate® Pr(SO4)3-8H2O and 1200 
cm from praseodymium molybdate Pro(MoQ,)3. The 
degree of complexity of each subgroup within 'I¢ sug- 
gests that the coupling of each electronic state with the 
environment is decidedly more important in Ut* than 
for Pr**. It must be recalled that when thick crystals of 
any praseodymium salt are taken, the former back- 
ground is found to consist of an abundance of absorp- 
tion having structure (see Fig. 1, spectra c and c’). 
Further spectroscopic evidence of this large interaction 
is shown by considerable changes that the spectrum 
of the ion undergoes in different environments, by the 
high intensities of transitions in U+* as compared with 
those in Pr+* in what are accepted as forbidden transi- 
tions (nevertheless the intensities of the U+* spectrum 
are much less than for a permitted transition), and by 
the magnetic susceptibility data which show strong 
deviations from the behavior of “free’”’ ions. 

The centers of gravity of the groups in the blue region 
of the spectra of UCI, in solid and solution match fairly 
closely those of PrCl;. We would expect, as has been 
found, that the transitions to *Po, *P,, and *P, would not 
spread out as much as the transition to 'I, because of 


Note added in proof.—Very recently A. M. Hellwege and 
K. H. Hellwege [Z. Physik 130, 549 (1951)] concluded that the 
state designated as 1Is should read 'D, to be consistent with their 
polarization spectra of two praseodymium salts. E. Trefftz [Z. 
Physik 130, 561 (1951)] found theoretically that the state 'Dz is 
hot ruled out as a possibility but the state 'Ig would accompany 
it rather closely in energy. 

The correspondence we have indicated between U** and Prt? 
may be consistent with the ‘D2 designation if it be remembered 
that the actual numbers of groups within the transition in Ut is 
uncertain because in some instances it is not clear what lines 
Constitute a group. 

*A. Merz, Ann. Physik 28, 576 (1937). 
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Fic. 4. Comparison of centers of gravity of absorption 
bands of the “‘iso-electronic” ions Nd** and U*. 


their lower values of angular momentum. This behavior 
holds to an even greater degree for the fluoride. With 
regard to the groups within the *P region (Fig. 2) of 
UCly, the one nearest the red can probably be identified 
with *Pp and the group farthest to the blue, with *P». 
We are postponing any detailed assignment of the 
groups between two extremes. It is likely, in view of the 
complex structure of the subgroups, especially of those 
associated with 'I,, that the quantum characters of the 
states given above for U** are over-simplified ; however, 
if the intensity of interaction is imagined reduced, they 
would be expected to approach in character the corre- 
sponding state of Pr**. In the near infrared, the groups 
of UCI, at 10600 cm™ correspond to the transitions to 
1G, and 'D, of Pr** in this region. The absorption groups 
of UF, at 11000 cm™ would also correspond adequately 
if the weak transitions are ignored in this approxima- 
tion ; otherwise the groups are not so distinctly separate. 
(The broken lines at the left of the spectra in Fig. 2 
represent the limits of our examination.) 

The spectra of uranium trichloride and neodymium 
trichloride reproduced in Fig. 3 are both unusually 
sharp. It was not possible to obtain spectra of UCI; in 
the ultraviolet because of the transparency limit of the 
nicol prisms. The centers of gravity and relative inten- 
sities of the bands of NdCl; and UCI; are shown in 
Fig. 4 on a wave-number scale. The correlation of the 
spectra of the Ndt*— U** combination is not as clear- 
cut as in the former case because the groups of absorp- 
tion do not fall apart into separate areas and may even 
overlap. 

The spectra of the crystals exhibit evidence of strong 
coupling between the lattice frequencies and the various 
electronic transitions; these lattice modulations of the 
electronic frequencies are manifest as feeble repetitions 
of the main absorption bands displaced slightly toward 
shorter wavelengths. In UCl,, where the components 
of the groups are not well resolved, the lattice modula- 
tions appear as a weak unresolved “shadow” on the 
short wavelength side of the strong parent band. 
However, there seems to be evidence of “‘shadows’”’ 
toward the long wavelengths also. For UCl;, where the 
component lines of a band are sharper, the lattice 
modulations are more discrete and are more obviously a 
copy of the parent band. The lattice modulations of 
PrCl; are even more evident and can be seen in Fig. 1. 
Ewald’ first noticed this effect in hydrated magnesium 
neodymium nitrate. 


7H. Ewald, Ann. Physik (5) 34, 209 (1939). 
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The specific dissociation constants for various vibrationally excited molecules (methane, ethane, and 
propane) are inferred from an interpretation of experimental data on atomic cracking reactions and on the 
deuterization of free radicals. As was to be expected, these dissociation constants decrease with increasing 
number of degrees of freedom of the decomposing molecule. 





INTRODUCTION 


N the past, the well-known Rice-Ramsperger, Kassel, 
and Hinshelwood quasi-unimolecular reaction rate 
theories have been applied to many unimolecular reac- 
tions. However, it is now known that many of these 
reactions are not simple unimolecular reactions, but 
rather are complex chain reactions. Thus, for purposes 
of testing the various unimolecular rate theories and 
thereby gaining information about intra- and inter- 
molecular energy exchange, it would be well to examine 
other possible sources of data. 

Effectively, the quasi-unimolecular theories were 
largely concerned with evaluation of the lifetime of the 
average decomposing molecule. When the pressure in 
such a reaction system was such that the time between 
successive collisions was comparable to or greater than 
this lifetime, the over-all unimolecular rate constant 
was smaller than the high pressure rate constant. 

In the present paper, we shall attempt to deduce the 
lifetimes of various decomposing molecules from experi- 
mental data on the deuterization of methyl] radicals and 
on the atomic-cracking of ethyl and propyl radicals. In 
a later paper, comparison with theoretical considera- 
tions and correlation with data on recombination of free 
radicals will be given. 

To anticipate somewhat, the half-lives deduced be- 
low, while probably of the correct order of magnitude, 
can only be regarded as tentative pending further de- 
tailed study of these systems. 


A. Deuterization of Methyl Radicals 


The mercury photosensitized decomposition of meth- 
ane results in the production of methyl radicals and 
hydrogen atoms, and in the presence of deuterium the 
following reactions can occur: 


CH,+Hg(P,) = CH;+H+ Hg('So) (1) 
D2+Hg(P1)=2D+Hg('So) (2) 
CH;+D=CH.D+H (3) 
CH,.D+D=CHD,-+H, etc. (4) 

Deuterated methanes then result from the recombina- 


*This work was financially assisted by the Office of Naval 
Research, Contract No. N8onr-77900. 

t Present address: Department of Chemistry, Polytechnic 
Institute of Brooklyn. 


tion of these radicals with deuterium atoms. At suff- 
ciently high deuterium atom concentrations, the corre- 
sponding reactions of hydrogen atoms may be neglected. 
Furthermore, at sufficiently low temperatures the high 
activation energy reactions 


CH;+ D, = CH;D+D 
CH,+D=CH,;+HD 


may also be disregarded. 

It seems reasonable to assume that reactions (3) and 
(4) together with those of the recombination of radicals 
and atoms may be written, respectively, in a more 
fundamental manner as follows: 


CH;+D = CH;D* 
CH;D*+M = CH;D+M 


k 
CH,D*=CH:D+H 
CH,.D+D= CH,D,.* 
CH,D.*+M=CH,D.+M (8) 


k 
CH.D.*=CHD.-+H (8") 


and a similar sequence for CHD; radicals (which shall be 
designated as reaction sequence (9)). The starred mole- 
cules (“active molecules’’) contain about 100 kcal mole 
of vibrational energy arising from the newly formed 
C—D bond. M denotes any third body capable of de- 
activating an active molecule. We wish to evaluate the 
specific dissociation constants k7, ks, and kg. The corte- 
sponding half-life periods are then given by r;= (In.2)/ki 
i=7, 8, 9. 

In a preliminary investigation of such a system! 
Taylor and co-workers analyzed for the deuterometh- 
anes by infrared methods. Their data are summarized 
in Table I, where the units may be regarded as arbitrary. 
The total pressure in the reaction system was 230 mm 
in each run. The rate constants &; can be evaluated from 
this data. Consider the reaction sequence (7). If 4 
CH;D* molecule reacts via (7’), CH;D will be produced, 
and at small percent conversions this CH;D will not 
undergo further reaction. If on the other hand CH;D* 
disappears via (7’’), the resulting CH2D radicals will 
finally end up as a mixture of CH2D2, CHDs, and CD. 


1 Morikawa, Benedict, and Taylor, J. Chem. Phys. 5, 212 (1937). 
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LIFETIMES OF ACTIVE MOLECULES. I 


Thus the relative rate of (7’) and (7’’) is given by the 
ratio, (CH;D)/(CH2D.+CHD;+CD,). The rate con- 
stant for (7’) is equal to z7\7, where 27 is the kinetic 
theory collision number and A; is some factor equal to 
or less than unity, representing the efficiency of a 
deactivating collision. 

Thus, if p denotes the total pressure, we have 


k7(CH;D*) (CH:D.+CHD;+CD,) 
sA7p %7A7(CHsD*)p (CH;D) 





b 


and similarly, 


kg=ZsAsp (CHD;+CD,)/(CH:Ds) 
Ro=Z9Agp (CD,)/(CHD)). 


While the amount of CD, produced was not deter- 
mined, it may be neglected for the present purpose, 
according to the trends in Table I. For simplicity of 
notation, set ZnA,=2A and take z=5X10® mm“ sec! 
leaving \ arbitrary for the present. Averaging the data 
of Table I, we find for k7 and ks the values 8X 108A and 
5X10®°A sec, respectively. In quasi-unimolecular 
theories, it is customary to set A=1, though there is 
neither sufficient theoretical nor sufficient experimental 
justification for this as yet. 


B. Atomic Cracking of Ethyl Radicals 


The atomic cracking of ethyl radicals, described by 
Eq. (10), competes with the recombination reaction 
(11). These reactions 


H+C.H;= 2CH; 
H+ C.H;= CoH, 


(10) 
(11) 
may be assumed to occur in the following manner: 


H+C.H;=C:;H,* (12) 


Rie 
C.H¢* = 2CH; 


(12’) 
M+C.H.*=C2Het+M. (12””) 


With suitable experimental conditions, the methyl 
tadicals will end up largely as methane, which can then 
be measured. If the rate of (12) can also be estimated, 
then from the relative rates of (12’) and (12’’), Rie can 
be determined. 

In the mercury photosensitized reaction of ethane the 
occurrence of (12’’) (or really, of (11)) has been sug- 
gested as a principal cause for the low quantum yields 
at low ethane pressures and also to account for the 


TABLE I. Deuteromethanes produced by mercury 
photosensitization of CH,+ D2. 








Run CH:D CH2D2 
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variation of this yield with pressure. A detailed study 
of this photosensitized reaction at room temperature 
has recently been made,” and the following mechanism 
together with Eqs. (10) and (11) (or essentially, (12), 
(12’), and (12’’)), seems to account for most features of 
the experimental data fairly well. 


C.He+Hg(P1) = C-H;+H+Hg('So) 
H+ C,:He= C,:H;+H, 
CH;+H=CH, 
2C2H5= CuHw. 
These free radicals may also undergo other reactions 
and several of these are considered in the Appendix. 


Steady-state equations for CH3, H, and C2H¢* can be 
shown to lead to the relation, 


2(1—x2)/pcny=2drP/ki2t+3, (17) 


where ¢ denotes quantum yield. From the data of 
reference 2 we have plotted in Fig. 1, 2(1—@2)/gcn, 
vs the pressure, p. zA/ki2 is estimated from the slope to 
be 0.45 mm. Setting z=5X10® mm™ sec, ki is 
estimated to be 1.1 107A sect. 


(13) 
(14) 
(15) 
(16) 


C. Atomic Cracking of Propyl Radicals 


Hydrogen atoms and propyl radicals may react via 
(18) and (19). 
H+C;H7;=CH;+C:Hs 


H+C;H, = C3Hs. 


(18) 

(19) 

As before, these reactions may also be written as: 
H+(C;H7=C;Hs* 


hoo 
C;H;*= CH;+C.H; (20’) 


C3;H;*+M = C;H;+ M. (20’’) 


Data on the mercury photosensitized reaction of 
propane’ at room temperature may be interpreted by a 


(20) 





47 12 7 
91 25 12 
97 16 6 


a 








2B. de B. Darwent and E. W. R. Steacie, J. Chem. Phys. 16, 
381 (1948). 

3B. de B. Darwent and E. W. R. Steacie, J. Chem. Phys. 13, 
563 (1945). 
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Fic. 2. Experimental data for estimation of kao. Ordinate: 
(1—¢$n2)/¢cHy. Abscissa: pressure in mm. 


set of reactions analogous to those for ethane: 
C;Hs+Hg(*P1) _ C;H7+H+Hg('So) 
H+C;Hs=H2+C3H,; (22) 

2C3H7= CeHis (23) 


together with the sequence (20), (20’), (20’’) and some 
reactions involving the methyl and ethyl radicals pro- 
duced by (20’). 

As before, the methyl radicals are assumed to end 
up largely as methane. (See Appendix for a discussion 
of this question.) Experimental data in references 2 and 
3 suggest that ethyl radicals react largely via (11) and 
(16) in the pressure range given in Fig. 2. Steady-state 
considerations of reactions (15), (20) to (23), and (11) 
or (16) lead to the relation, 

(1— re) /dcus=2drp/Rotn, (24) 
where n=3 or 2, according as reaction (11) or (16) be 
included. While only relative quantum yields are given 
in reference 3, absolute yields were obtained by com- 
parison with the data of another study of this system.‘ 
We have plotted (1— ¢12)/¢cny vs p in Fig. 2. Evidently 
from this graph, it makes little difference whether the 
intercept n equals 2 or 3. Setting z=5X10® mm sec“, 
kop is estimated from the slope to be 3.6X 10°A sec. 

The half-lives, r, corresponding to the specific dissoci- 
ation constants estimated above, are summarized in 
Table II. 

Assuming A to have roughly the same value in each 
case, the half-life, 7, is seen to increase with the size of 
the active molecule, as expected. In each case the active 
molecule contains about 100 kcal mole vibrational 
energy arising from the newly formed C—H or C—D 
bond. The larger molecules have more vibrational modes 
in which this energy can be distributed, so that there is 
less chance of this energy accumulating in one bond 


(21) 


TABLE II. Half-lives of various active molecules. 








Products 7 X10°Asec 


CH:D+H 1.4 
CHD.+H 0.9 
2CH; 60 
CH;+C:H; 2X 108 


Active molecule 


CH;D* 
CH2D,.* 
C2H¢* 
C;H;* 











*E. W. R. Steacie and D. J. Dewar, J. Chem. Phys. 8, 571 
(1940). 


(which could result in decomposition of the molecule), 
Furthermore, since a C—C bond is about 10-15 kcal 
mole“ weaker than a C—H bond, the excess of energy 
over and above that required for reaction is greater for 
the third and fourth reactions in Table IT. If this energy 
excess were the same for all reactions in this Table, the 
spread of r-values would be even greater than that 
indicated. 


APPENDIX 


We would like to consider briefly some of the assumptions made 
in the above treatment. 


(a) The low quantum yield in the ethane and propane reactions 
was attributed to the back reactions (11) and (19), respectively, 
but not to any possible inefficiency in the primary act. That is, 
reactions (13) and (21) were.assumed to be 100 percent efficient, 
From the mechanisms given, it can be seen that theoretically, 
¢u,=1 at sufficiently high pressures. Extrapolation of the experi- 
mental data indicates this to be quite possible, though further 
study of this question is necessary. 

If an efficiency of the primary act, a, (a<1) is assumed, it can 
be shown that Eqs. (17) and (24) need be amended only in that 
the ¢’s should be replaced by ¢/a. In the pressure range con- 
sidered, 1—¢n,/a™1 for both photosensitized reactions, so that 
the & values will be in error by a factor, a. The data? suggest that 
a lies within the range, 0.5 to 1. 

(b) In the ethane photosensitized reaction, the following fates 
for methy] radicals may also be suggested: 


CH3;+C.He= CH,+ C2H;, (25) 
CH;+C.H;= C;Hs, (26) 
2CH;= C:Hg. (27) 


The experiments discussed above were carried out at room 
temperature, so that the relatively high activation energy reaction 
(25) is improbable. Nevertheless, inclusion of (25) in the steady- 
state equations yields an equation negligibly different from (17). 

While the amount of propane produced, if any, was not meas- 
ured, earlier work’ on the same system indicated that reaction (26) 
could be neglected, at least if the ethane pressure exceeded 15 mm. 
Logically, one would expect the extent of (26) to be intermediate 
between that of (27) and that of butane production, (16). Since 
(26) may be neglected, while the butane production exceeds that 
of propane, (27) may likewise be disregarded. 

(c) In these mercury photosensitized reactions, a so-called 
reaction volume effect enters. Most of the radiation is absorbed 
close to the incident face, so that the reaction is more or less con- 
fined to a small volume, whose dimensions are dependent on the 
pressure of the hydrocarbon. This effect is generally neglected as 
a first approximation in quantitative treatments of photosensi- 
tized reactions. Nevertheless, repetition of this work at lower 
mercury concentrations, i.e., under conditions corresponding toa 
large effective reaction volume, would be helpful in clarifying 
this question. 

Finally, the values of the dissociation constants for ethane and 
propane may be checked by rather independent methods, e&: 
by investigating the reaction of deuterium atoms with these hydro- 
carbons and analyzing for the amount of methane and deuterated 
ethanes and propanes produced. While some such data do exist 0 
the literature, the conditions chosen do not appear to be the most 
desirable ones for evaluation of these constants. 
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Experimental data on the atomic cracking of propyl radicals and on the deuterization of methyl radicals 
are compared with some theoretical calculations. With the aid of some assumptions concerning intra- 
molecular energy transfer in the dissociating molecules involved in these and other reactions and concerning 
the corresponding activated complexes, data on a number of free radical reactions are correlated. 















INTRODUCTION vated complex to be “rigid,’’* then the theoretical value 
for ka is found to be 4.4X10’ and 1.3X10* sec for 
n=2 and 3, respectively. If, on the other hand, a 
“loose’® activated complex is assumed, k, is calculated 
to be 2.610 and 6.6X10° sec! for n=2 and 3, 
respectively. 

A comparison of these theoretical estimates with the 
data indicates the activated complex to be rigid if one 
assumes AX0.1, or loose if A~1 (A cannot be greater 
than unity). We shall return to this question later. 






N an earlier communication! the specific dissociation 

constants of some vibrationally excited (“active’’) 
molecules were estimated from data on the deuterization 
of free radicals and on atomic cracking reactions. In the 
present paper, theoretical estimates of these dissociation 
constants will be made using some equations derived 
arlier.2 These calculations will be given in some detail 
alter a comparison of the experimental and theoretical 
results. 

The atomic cracking of ethyl radicals has been con- 
sidered earlier? and assumptions similar to those em- 
ployed in that treatment will be made here. For brevity 
some familiarity with these assumptions and notation 
will be taken for granted. 















2. Atomic Cracking of Propyl Radicals 





Regarding the mechanism of this reaction as given 
by (4), (5), and (6), ka was estimated from the data to 
be ca 3.6X 10° sec. 



















DISCUSSION OF RESULTS H+C;H7=C;Hs"*, (4) 

1. Deuterization of Methyl Radicals ke 
The deuterization of methyl radicals and of deutero- Colls*= CHs+ CoH, (5) 
methyl radicals can be interpreted in terms of the M+C;Hs*=M+C;Hs (6) 






following reaction sequence, 






Adopting the previous assumptions of active vibra- 







CH,D;_,+D=—CH,D,_,*, (1) ° ° e e ° 
tions and adiabatic rotations k, is found to be about 
ka 2X 104 and 2X 108 sec for a rigid and loose activated 
CH,,Ds_n*=CH»_1Ds_.+H, (2) complex, respectively. Clearly, the loose complex gives 
M+CH,D,_.*=M-+CH,Di_», (3) Very poor agreement with the data while if the complex 





is rigid, AX0.1. 





where n= 1, 2, or 3 and M is any third body capable of 
deactivating the active molecule CH,D,_,*. From the 
experimental data k, was estimated to be! ca 5X 108A 
and 8X 108 sec~! for n=2 and 3, respectively. d is the 
ficiency of the deactivating collision (3). 

In the following calculations the vibrational degrees 
of freedom of the active molecule are assumed to be 
“active” and the rotational degrees of freedom, “adia- 
batic,” using the terminology of reference 2. This is 
sentially equivalent to assuming that all vibrations 
can contribute their energy to the breaking bond while 


the rotations cannot. If one further assumes the acti- 
eS 


_* This work was financially assisted by the ONR, Contract No. 
N8onr-77900, 
{Present address: Department of Chemistry, Polytechnic 
Institute of Brooklyn. 
WR A. Marcus, J. Chem. Phys. 20, 352 (1951). 
UR. A. Marcus, J. Chem. Phys. 20, 359 (1951). 
R. A. Marcus, J. Chem. Phys. 20, 364 (1952). 





3. Atomic Cracking of Ethyl Radicals 


For comparison with the previous results we recall 
that using the same assumptions, the loose complex 
gave® very poor agreement with the data while if the 
complex is rigid, A0.7. 











4. Effect of Pressure on Recombination of 
Methyl Radicals 


In this case, too, the previous assumptions coupled 
with a postulated rigid complex were consistent with 
the data while the loose complex was not.* 










4 The degrees of freedom of this activated complex are similar 
to those of the active molecule with the exception that a stretching 
vibration has become a translational motion in the activated 
complex. 

5 In this complex, the radicals resulting from the decomposition 
rotate freely. 
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5. Conclusions 


While the experimental data are not very accurate— 
in some cases an error of a factor of five or ten is possible 
—it does appear that data on a variety of topics can be 
correlated in an approximate way by assuming a rigid 
activated complex, active vibrations, adiabatic rotations 
and A~0.1. If the rotations are treated as adiabatic the 
data are not consistent with the assumption of a loose 
complex. Conservation of angular momentum requires 
that the rotations associated with the two largest mo- 
ments of inertia of the decomposing molecule will be 
adiabatic. However, if the remaining rotations acted 
as energy sinks for the large energy of the active mole- 
cule, that is, if they were “active,” the calculated life- 
time would be increased, k, decreased, and agreement 
with the data possibly obtained. Calculations for this 
assumption were made’ for data (3) and (4). As pointed 
out in that discussion, a measurement of the steric 
factors of the appropriate free-radical-recombination 
reactions (in the present case, of CH;+H, 2CH; and 
CH;+C:H;) will throw considerable light on this ques- 
tion. The loose complex is associated with a steric factor 
of the order of magnitude of unity while the rigid com- 
plex, with appreciably smaller steric factors. However, 
the available data on this question are, at preseft, 
conflicting. 


CALCULATIONS 
1. General 


Since no degrees of freedom are assumed to be “‘in- 
active,” Eq. (17) of reference 2 may be simplified by 
setting 


YS N*(E.—E;+E*)D(E)=N*(E,+E?). 


Ei sEt 


This expression for k, then becomes 
PitPrt > 


E+=E,\"?? 
E, <E+* kT 


P,T(1-+1r/2)hN*(E.+E*) 





(7) 


where P, is the rotational partition function of the 
active molecule and P;* that of the corresponding rota- 
tional degrees of freedom of the activated complex. Prt 
is the partition function of those 7, say, rotational de- 
grees of freedom of the activated complex which 
originally were vibrations in the active molecule. From 
the definitions of rigid and loose complexes it follows 
that r=0 for a rigid complex but equals 2 for a nonlinear 
loose complex consisting of a radical and an atom, and 
equals 4 for one consisting of two radicals. 

P(E,) is the number of vibrational states of an 
activated complex whose nonfixed vibrational energy 
is E,, while E* is the total nonfixed energy of the com- 
plex. E, is the bond strength of the breaking bond and 
N*(E,+£*) the number of quantum states per unit 


energy of an active molecule whose energy is (E.+E*), 
In the present calculations the rotational degrees of 
freedom of the active molecule are assumed to be 
adiabatic so that N* is given by the following expression? 


(E+ Et+E,)*! 
N*(E,+£*) — ’ (8) 
T'(s)[ hv; 


where the v, are the s vibrational frequencies of the 
active molecule, 





| = hy,/2, 


i=1 


and I is the gamma-function. 

The dissociation constants k, associated with reac- 
tions (2) and (5) will now be evaluated with the aid of 
Eqs. (7) and (8). 


2. Deuterization of Methyl Radicals 


The rigid and loose activated complexes correspond- 
ing to reaction (2) will have® a nonfixed energy, £’, 
approximately equal to 3kT and 5SkT, respectively. 
Since this energy is smaller than the vibrational quanta’ 
of these complexes, E,=0, and the sum in (7) reduces 
to its first term. Setting E*=3kT in this equation and 
noting that r=0 and Prt=1 for the rigid complex, 
we have 

(Pi*/P1) 


* AN*(Eq+3kT) 





(9a) 


For a loose complex E* equals 5kT and r=2 so that in 
this case 


, _5(Pit/Pi)Pat 
* AN*(Eo+5kT) 





(9b) 


The moments of inertia of the deuteromethanes 
needed for the determination of P; were, with the excep- 
tion of CH,D», taken from data given by Herzberg’ 


6 Defining the dissociation energy of a bond as the energy 
required to produce an activated complex from the parent mcle- 
cule, the difference in the C—H and C—D dissociation energies |s, 
for the rigid complex, equal to the difference in the zero-point 
energies of the corresponding stretching vibrations. Thus, the 
C—D dissociation energy exceeds that of a C—H bond by an 
amount approximately equal to 450 cm™ or 1.3 kcal mole™. 
Clearly the activated complexes of reaction (2) have a nonfixed 
energy of 1.3 kcal mole! in addition to the average initial relative 
kinetic energy (ca kT=0.6 kcal mole at 300°K) of the initial 
deuteromethyl radical and deuterium atom. The net energy ° 
these complexes is therefore ca 3kT. ; 

In the case of a loose activated complex the difference in the 
C—H and C—D dissociation energies is equal to the difference 
in zero-point energies of the one stretching and two bending fre- 
quencies of the corresponding bonds. This amounts to ¢@ 4« 
kcal mole™, so that the net nonfixed energy, Et, of the loose actl 
vated complexes of reaction (2) is about (2.3+0.6) kcal mole 
@5kT at 300°K. 

™The corresponding vibration frequencies are inferred from 
those of the active molecule if the complex is rigid or from the 
isolated free radicals if the complex is loose. 

8G. Herzberg, Molecular Spectra and Molecular Structure (D. 
Van Nostrand Company, Inc., New York, 1949), Vol. 2. 
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LIFETIMES OF ACTIVE MOLECULES. II 


The product of the three principal moments of inertia 
of CH2D» which occurs in the classical expression for P:, 
was estimated to be 4.8X10-"8 (g cm? molecule™)*. 
Using an equation of Wilson and Hirschfelder? the 
corresponding products for the rigid activated com- 
plexes CHD;+, CH2D2*+, CH;D*+ and CH,* were found 
to be 4.1, 3.0, 2.1, and 1.4 10-"" (g cm? molecule™)*. 
In these calculations, the hydrogen atom of the acti- 
vated complex was assumed to be at the apex of a pyra- 
mid whose height is 2.8A and whose base is the planar 
methyl radical. The C—H (and C—D) distance in the 
radical was taken to be 1.1A. 

The rotational partition function of the loose acti- 
vated complex, P;+PR*t, was evaluated as follows: The 
nonvibrational motion of the radical can be resolved 
into a rotation about, and a translation of, its center of 
gravity. The relative motion of the centers of the radical 
and of the atom may in turn be resolved into radial and 
transverse motions. The former corresponds to a trans- 
lation along the reaction coordinate, while the latter 
may be regarded as the rotation of a diatomic molecule 
of reduced mass, w= mam,/(mat+ms), where ma and my, 
are the masses of the radical and of the atom, respec- 
tively. Thus, the rotational partition function of the 
loose complex is equal to the rotational partition func- 
tion of the radical multiplied by that of a diatomic 
molecule whose moment of inertia is (2.8)?u. The prod- 
ucts of the three moments of inertia of the radicals 
which appear in this partition function were estimated 
from the previously assumed geometry to be 0.55, 1.2, 
2.3, and 4.4X 10-8 (g cm? molecule)’ for CH;, CH2D, 
CHD», and CDs, respectively. 

The vibration frequencies, v;, which appear in Eq. (8) 
were taken from reference 8.!° Finally, there is a sta- 
tistical factor equal to the number of alternative C-H 
bonds of CH,,D4_,* which can be broken (namely 7). 
However, this factor appears automatically via the 
symmetry numbers in the rotational partition functions 
of the activated complex and of the active molecule. 
The C—H bond dissociation energy," E, is 102 kcal 
mole. With T=300°K and the previous data, the k, 
values given in Table I were estimated. 

Reactions (2) and (3) can occur if »=4 though reac- 
tion (1) cannot. Nevertheless, the value of k, for this 
case is included in Table I for completeness. 


3. Atomic Cracking of Propyl Radicals 
(A) Rotational Degrees of Freedom 


Because of the geometric complexity of the propane 
molecule and of the corresponding activated complex, 
the various rotational partition functions in the ex- 
Pression for kg will be estimated in a rather approximate 


etic 


ae B. Wilson, Jr., Chem. Revs. 27, 17 (1940). J. O. Hirsch- 
elder, J. Chem. Phys. 8, 431 (1940). 

: See reference 8, p. 306 ff. 

See E. W. R. Steacie, Atomic and Free Radical Reactions 
(Reinhold Publishing Corporation, New York, 1946), p. 79. 


TABLE I. kg for deuteromethanes (sec™). 








Loose complex 


8.2X 10° 
2.6X 10° 
6.6X 10° 
1.3 10" 


Rigid complex 


1.2X 10" 
4.4X 10? 
1.3 108 
3.2 108 











manner. However, this estimate should be sufficiently 
adequate for the present purposes. 

The four degrees of freedom of the loose complex 
which contribute to Pgt are two rotations of the methyl 
group about axes perpendicular to the latter’s symmetry - 
axis and two of the ethyl group about axes perpendicu- 
lar to its own C—C axis. Assuming that the C—H dis- 
tance in the radical is equal to 1.1A, the appropriate 
moment of inertia of the methyl group was estimated 
to be 3.02X10-" g cm? molecule. The correspond- 
ing moment of the ethyl group was inferred from that 
of ethane to be ca 42.3X10- g cm? molecule“. With 
this data Prt for the loose complex was found to be 
3.6X 10° at 300°K. As noted earlier Pgt equals unity 
for a rigid complex. 

A rough measure of the ratio, Pi+/P1, may be inferred 
in the following way: The three principal moments of 
inertia of the activated complex will be somewhat larger 
than those of the active molecule. Furthermore, the 
rotation of the molecule as a whole has a symmetry 
number of 2 while the complex is unsymmetrical. These 
rotations therefore contribute to P;+/P; a factor some- 
what greater than 2. The two internal rotations of the 
active molecule are hindered while only one is probably 
hindered in the complex. The partition function of one 
of these degrees of freedom will be the same in the 
complex, approximately, as in the active molecule. The 
remaining internal rotation, which is restricted in the 
molecule but free in the complex, will contribute to 
P;+/P, a factor roughly equal to that obtained for an 
analogous degree of freedom in ethane*, namely, 2.0 
(at 300°K). Thus the ratio P;+/P; will be somewhat 
greater than (2X2). A reasonable value appears to be 
about 6. 


(B) Vibrational Degrees of Freedom 


The active molecule, C;Hs*, has an energy" of 95 
kcal mole arising from the formation of the C—H 
bond in reaction (4). Since only 83 kcal mole is re- 
quired to break the C—C bond in propane" the non- 
fixed energy, Et, of the activated complex of (5) is” 
approximately 12 kcal mole. 

Since the number of different vibration frequencies of 
propane is considerable and E* is quite large, the sum 
in Eq. (7) will have numerous terms corresponding to 


2 A more correct value might be 12 plus the difference of the 
zero-point energies of the activated complexes of (4) and (5). This 
zero-point energy difference appears to be less than the experi- 
mental error in the difference of the C—H and C—C bond 
strengths and will be disregarded. 





* E* (kcal mole) 
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all the vibrational energy levels of the activated com- 
plex for which Z,< Et. In order to make a simpler 
though less accurate estimate of this sum, the smaller 
vibration frequencies will be treated in a semiclassical 
fashion, so that the sum becomes, in part, an integral. 
The remaining frequencies will, as before, be considered 
in a quantum manner. While the final results of this 
calculation still involve a sum, the number of terms 
involved is significantly less. 

With this assumption, E, becomes a continuous 
variable and Eq. (7) can be modified by setting 


X (Et—E,) rl2P(E,) 


E.sEt 


(10) 


Et 
=P f (E+—E,)*!?P'(E,)dEp, 
Ev =0 


where P’(E,) is the number of vibrational states per 
unit energy of an activated complex whose energy is E,. 
We next consider a particular set of quantum states for 
which the energy of the “quantized vibrations” is x, 
while that of the “semiclassical vibrations” is E,—x,. 
The number of quantum states per unit energy of the 
semiclassical vibrations is? 


(E,’+ E, ‘me Ly) - 


(11) 
T(@IT Aw: 





where the w; are the frequencies of the g semiclassical 
vibrations and 


q 
E,'= 9 hw;/2. 


i=1 


When the energy of the quantized vibrations is x,, let 
there be Q(x,) vibrational states of these degrees of 
freedom and therefore we have 


(E.’+ Ey hai Xy) i 10 (ay) 


(12) 
P(g] kw: 





P(E) _ YB 


x» SE» 


after introducing (12) into (10) and interchanging the 
order of summation and integration so that the new 
limits are x,< E* and E, from x, to Et, the right-hand 


TABLE II. 








L.H.S. of Eq. No. (10)* Eq. (13)> 





1 7.85 
11 18.8 
58 69.8 
1 139. 188 
1 532 670 








* This sum had been previously estimated in reference 3. 

> For the vibration frequencies of (see reference 3 for references and dis- 
cussion) we have chosen: semiclassical vibrations, 827 (2) and 1120 (2) cm™=, 
te q=4: quantized vibrations, 1380 (2), 1470 (4), 2927 (2), and 2975 
4) cm™!, 
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TABLE III. 








+ 


(kcal mole) Ra (Eq. (5)) (sec™) 





Rigid complex Loose complex 
1.2X 10# — 
3.2X 104 


4.6X 104 3.8X 108 








side of Eq. (10) becomes 
(T@I[ahws + z O(xr) 


x» SE* 
Et 
x f (Eo! +Ey—2»)*-(E+—E,)"7dEy. (13) 
Ev =x» 


In the present calculations r equals 0 and 4 for the rigid 
and loose complex, respectively, and in the latter case 
the integral of (13) was evaluated by introducing a new 
integration variable, y= (E,’+E,—x,). 

The discrepancy between (13) and the left-hand side 
of (10) was estimated for the relatively simple rigid 
activated complex involved in CoHg=2CHs. The results 
of these calculations are given in Table II. The relatively 
close agreement between the two calculations for large 
E* suggests that (13) will also provide a reasonable 
approximation to the left-hand side of (10) for the pres 
ent calculations on propane. 

The vibration frequencies of propane used in the 
calculation of N*(E,+£*) were taken" to be 375, 748, 
868, 922, 940, 1053, 1155, 1179, 1278, 1355 (3), 1460 (5), 
and 2950 (8) cm™. The latter three frequencies were 
rounded slightly to facilitate some subsequent calcula- 
tions. By definition these are the vibration frequencies 
of the rigid complex with the exception that the latter 
has one C—C stretching frequency while propane has 
two, namely 868 and 1053 cm. The lone C—C fre- 
quency of the ethyl group was assumed to be 993 cm™ 
which is the corresponding frequency in ethane. 

The vibration frequencies of the loose activated com- 
plex are simply those of the isolated methyl and ethyl 
radicals. Those of the methyl group were inferred from 
the frequencies of methyl iodide“ to be 1252, 1450 (2), 
and 2960 (3) cm™ while those of the ethyl group wert 
inferred from the characteristic group and bond fre- 
quencies* to be 1000 (5), 1375 (1), 1450 (3), and 296 
(5) cm™. The remaining vibration of the ethyl] radical 
is a restricted rotation, whose contribution to ka was 
considered earlier. 

In the calculation for the rigid complex, the fre 
quencies 375, 748,922, 940, 993, 1155, 1179, and 1278 
cm~! were taken to be semiclassical and for the loose 
complex, 1252 and 1000 (5) cm were so adopted. 


3K. S. Pitzer, J. Chem. Phys. 12, 310 (1944). : 

“T. Y. Wu, Vibrational Spectra and Structure of Polyatomi 
Molecules (J. W. Edwards, Ann Arbor, Michigan, 1946). The 
second and third frequencies were rounded to facilitate the 
calculation of ke. 
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k, is given as a function of the energy of the complex, 
Ft, in Table III. Clearly the assumption of a loose 
complex is inconsistent with the data (Et=12 kcal 
mole, Ra=3.6X 10° sec!) so that the corresponding 
calculations were made for only one value of Et. Be- 
cause of a possible error in the present estimates of the 
C-H and C—C bond strengths E+ may be slightly 
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different from 12 kcal mole. The effect on the calcu- 
lated value of k, of assuming a somewhat different value 
for E* may be inferred from Table ITI. 
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recombination of methyl radicals and iodine atoms. 








INTRODUCTION 


ECENTLY,! a correlation of the steric effects and 
pressure dependence of reactions involving the 
recombination of free radicals was suggested. Such 
processes are naturally the reverse of those unimolecular 
dissociations which produce free radicals, and the 
general theoretical approach was an elaboration of 
earlier quasi-unimolecular and transition state theories. 
The unimolecular reaction rate constant falls off with 
decreasing pressure when the lifetime of the decom- 
posing (so-called “‘active”) molecules becomes com- 
parable to the time between successive deactivating 
collisions. The lifetime of these active molecules is a 
function of the extent of intramolecular energy transfer 
and also of the nature of the activated complex. Since 
the steric effects associated with the reverse process of 
radical recombination are solely dependent on the 
properties of the same activated complex, there is a 
close relation between these two effects. 

Equations correlating these properties were developed 
specifically for the decomposition of methyl iodide. The 
approach was such that several specific assumptions 
Were introduced in the early stages of the derivation, 
thus necessitating an individual treatment for each 
different type of molecule and for each specific assump- 
_—_—_—_—_—_—_—. 
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The steric and pressure effects associated with the recombination of free radicals both depend on the 
nature of the activated complex, and are therefore intimately related. From a consideration of the reverse 
process of unimolecular dissociation, some equations are derived for these properties using an extension of 
earlier transition state and quasi-unimolecular theories. The present formalism differs from previous formu- 
lations of the latter in a number of ways, particularly in the expression used for the density of quantum 
states of the high energy molecules. Subsequent applications of the theory tentatively suggest that essentially 
all vibrational degrees of freedom of these molecules can contribute their energy to the vibrationally excited 
molecules. Consequently, vibrational anharmonicity would appear to be an important factor in intra- 
molecular energy transfer. The present paper is an extension of a previously developed theory for the 
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tion. A much more general derivation is given in the 
present paper. Application of the final equations to the 
available experimental data will be reserved for a later 
paper. 

As before, the unimolecular dissociation is considered 
initially and then the bimolecular rate constant is 
estimated with the aid of a calculated equilibrium con- 
stant. However, the expressions for the unimolecular 
rate constant are quite general and could therefore be 
applied to other unimolecular processes. 


UNIMOLECULAR RATE CONSTANT 


We consider the following reaction sequence, 


k 
A4+M=A*4M, (1) 
ke 
Ra 
A*= At, (2) 
3 
A*= products. (3) 


A* and At denote the active molecule and activated 
complex respectively, while M is any third body capable 
of deactivating A*. Steady-state treatment for A* and 
At leads to a relation between the unimolecular rate 
constant, kun»i, and the pressure, p. 


Runs= Ra(Ri/ke)/(1+Ra/keop). (4) 


These k’s, which are functions of the energy of the 
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initial A* molecule, are first evaluated for a small energy 
range. Runi is then obtained by integration over all 
possible energies so that (4) is replaced by 


kad(hi/kz) 
a 6 


1+ka/kop 


In Eq. (5) d(ki/ke) is the fraction of active molecules 
having energy in a given energy range. Evaluation of 
the integrand of (5) will involve a calculation of the 
number of ways of distributing energy among the vari- 
ous degrees of freedom of the active molecule and of the 
activated complex. However, the vibrational zero-point 
energy of A* and At, and also the potential energy of 
the newly broken bond of the activated complex cannot 
be so distributed. The remaining energy, which we shall 
term “nonfixed energy,” of the active molecule and of 
its corresponding activated complex will be denoted by 
E* and Et, respectively. We set E*— E*+= E, where the 
constant E, is approximately equal to the bond strength 
of the breaking bond. 

The degrees of freedom of the active molecule may 
be classified with respect to their role in intramolecular 
energy transfer as “active,” “adiabatic,” or “inactive.” 
The ‘‘active” degrees of freedom are defined as those 
which can contribute their energy to the breaking bond 
without restrictions. On the other hand the “‘adiabatic”’ 
ones are assumed to remain in the same quantum state 
during the course of decomposition of the molecule, and 
so contribute relatively little energy to the breaking 
bond. The transfer of energy between the “inactive” 
degrees of freedom and this bond is assumed to occur 
with sufficient rapidity only when the molecule has 
become essentially an activated complex. Since the 
energy of the latter degrees of freedom is therefore not 
available to the breaking bond, A* in Eq. (1) has a 
nonfixed energy E* such that E*>E,+£,, where £; is 
the nonfixed energy of the “inactive” degrees of 
freedom. 

Translation of the molecule as a whole makes no 
contribution to the reaction rate and will not be in- 
cluded in the following. Conservation of angular mo- 
mentum, which presents some barrier to intramolecular 
molecular energy transfer, will be treated approximately 
as follows: The initial molecule may generally be re- 
garded as roughly ellipsoidal in shape and the formation 
of the corresponding activated complex will frequently 
correspond to a stretching of the ellipsoid along its 
major axis (e.g., the rupture of a C—C bond in ethane). 
On the average, the largest contribution of the angular 
momentum will come from those two rotational degrees 
of freedom possessing the larger moments of inertia. 
This statement applies both to the active molecule and 
to its activated complex. Conservation of angular mo- 
mentum thus insures that throughout the course of 
decomposition the molecule will remain in approxi- 
mately the same quantum state with respect to these 
degrees of freedom. Thus these two rotations contribute 
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only the centrifugal energy J(J+1)k?/8xur? to the 
breaking bond, with J approximately constant. When 
averaged? over all J’s the net contribution of these 
rotations to the reaction rate is a factor P;+/P,, the 
ratio of the partition functions of these rotations for the 
activated complex and active molecule, respectively, 
When, because of additional restrictions, other degrees 
of freedom (e.g., the remaining rotation) also remain in 
essentially the same quantum state during the course of 
reaction, then P;+/P; becomes the product ratio of the 
partition functions of all these “adiabatic” degrees of 
freedom. 

In the following, E*, E+, and E£; will include neither 
the energy of translation of the molecule as a whole nor 
the energy of those degrees of freedom involved in 
P+/P,. The results will then be corrected by this factor. 

d(k,/k2) is equal to the fraction of molecules having 
energy in the range E*, E*+dE*, where E*>E,+E£. 
Let V*(E*— E,) denote the number of energy states per 
unit energy of the “active” degrees of freedom, and 
D(E;), the degeneracy of the inactive ones when they 
contain the energies (E*— ,) and E;, respectively. We 
then have 


d(k,/ke) 


E*—Ea 
> N*(E*—E,)D(E) exp(—E*/kT)dE* 


Ei =0 





> D(E;)N*(E*— E,) exp(—E*/kT)dE* 


Ei =0 YE* =F; 
6) 


More exactly V*(E*—E,) should be the number of 
possible energy states of an active molecule whose 
energy is (E*—£,) and correspondingly the integral in 
(6) should be a sum. The present treatment antici- 
pates a subsequent semiclassical approximation for 
N*(E*— E,;). Introduction of a new variable «= (E*—E;) 
into the denominator factors the latter into a product 
which is readily seen to be the product of the partition 
functions of the active and inactive parts and which will 
be denoted by the symbol P». 

k, may be estimated in the following way: The 
expressions for dA*/dt=0=dA+/dt at complete equi 
librium show that the ratio of the equilibrium concet- 
trations of At and A* is equal to 2k,/ks if the rate con- 
stant for (3) is assumed* equal to that for the reverse 
of (2). The ratio of the equilibrium concentrations of 
A+ and A* molecules of the same energy equals the 
relative number of quantum states per unit energy of 


2 See O. K. Rice and H. Gershinowitz, J. Chem. Phys. 2, 853 
(1934). 

* This assumption is consistent with the usual assumption ©! 
Eyring that motion along the reaction coordinate is a simple 
translation, so that in our model the velocity is equal in magnitude 
for the above reactions. We note further that our A* refers 1 
those activated complexes which form radicals, rather than the 
sum of these plus those proceeding in the opposite direction along 
the reaction coordinate (see reference 1). 
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A+ and A*, respectively. The total number of quantum 
states per unit energy available to active molecules 
whose nonfixed energy is E*, ist V,*(E*), where 


E*—Ea 
N.*(E*) =— _ 


Ei =0 


N*(E*—E,)D(E;). (7) 


One of the degrees of freedom of A* is assumed to be a 
simple translational motion along the reaction coordi- 
nate. Let N(x) and N2(Et—x) denote the number of 
quantum states per unit energy of this translational 
motion and of the remaining degrees of freedom of At, 
respectively, when their respective energies are x and 
(E+—x). Then the number of quantum states per unit 
energy of an activated complex which contains a non- 
fixed energy E* is 


Et 
Nt(Et)= N(Et+—x)N i(x)dx. (8) 


z=0 


Finally, 2ka/ks=N+(Et)/N.*(E*), where ks corre- 
sponds to the average value of x. However, the value of 
ks corresponding to a given value of x is equal to 
(2x/m)*/b where m is the reduced mass and 8, the ex- 
tension of the activated complex in coordinate space. 
Consequently, we may write for ka, 


E+ 
2kN o* (E*) = f N(E+—x)Ni(x)[(2x/m)*/b ]dx. (9) 


From the usual expression for the energy levels of a 
particle in a box, «= nh?/8b?m, we have Ni(x)(=dn/dx) 
=2b/h(2x/m). On introducing a new variable 
y=(E*—x) into (9), the value of ka, when corrected by 
the factor P;+/P,, becomes 


E* a+ 
N2(y)dy/Pih ¥ N*(E*—E,)D(E;). (10) 
Ei =0 


y=0 
From (5), (6), and (10) we find after some cancellation, 
P;t exp(—E£,/kT) 
- Pi 


Et 


N:2(y)dy exp(— E+/kT)dE* 





(11) 





x f : . 
E*+=0 1+ka/kop 


where kg is given by (10).° 

‘The upper limit of the summation arises from the condition 
that an active molecule has E*—E,.> Ei. 

*We note that at high pressures, the second term in the de- 
nominator of (11) is negligible and (11) may be readily integrated 
y reversing the order of integration so that the limits for E* and 
ybecome y to «© and 0 to ~, respectively. Integration with respect 
to E* then yields kT fo” No(y) exp(—y/kT)dy=kTP;* say, which 
'ssimply kT multiplied by the partition function of those degrees 
of freedom of At not involved in P,*+ and also excluding the 
internal translation along the reaction co-ordinate. Thus at high 


We next derive an expression for N2(y), the number 
of quantum states per unit energy of the degrees of 
freedom of At (not involved in P;*+ and excluding the 
translational motion along the reaction co-ordinate) 
when their energy is y. These degrees of freedom will be 
vibrational and rotational in nature. We shall assume 
that the rotations can be treated as independent of each 
other and of those rotations involved in P;* so that their 


p 
energy is approximately equal to }> Jh?/8°J,;, where 
i=1 
p is the number of rotations while J; and J; are the 
quantum number and moment of inertia of the 7’th 
degree of freedom, respectively. The number of quan- 
tum states of the i’th rotation is 2 or 2/; according as it 
is singly or doubly degenerate. In the former case the 
factor of two arises since rotation in a plane may occur 
in 2 (opposite) directions. We shall therefore write this 
number as 2(/;)4*!, where d, is the degeneracy of the 
i’th rotation (d;=1, 2). 

Of the energy y consider first those quantum states 
of At for which the vibrational energy is Z, and let the 
degeneracy of the vibrational states be P(E,). The num- 
ber of rotational states per unit energy is equal to 
(dy) f'---ST].2(J,)%"dJ; where the integration is 
over that region of J; space where >>; J7h?/87°J; lies 
between (y—Z£,) and (y+dy—E£,). The number of 
rotational-vibrational quantum states per unit energy 
is simply this multiplied by P(£,). To obtain N2(y) we 
must sum over all vibrational energy levels, E,, such 
that E,<y. That is, 


Ny) = X P(E,)(dy) f rw f TL2)**4s;. (12) 


Ey sy 


Integration of (12) with respect to all J, leads to 


N.Q)=E P(E) (/2) 7 
X (8x2/I?)""(y— Ey)" T4"E(d,/2), (13) 


where 


P 
r=) d; 


i=1 


and I is the gamma-function. That is, 7 is the total 
number of these rotational degrees of freedom, regard- 
ing a d,-fold degenerate rotation as d; rotational degrees 
of freedom. 

The product of the partition functions of these de- 


pressures, kuni=(kT/h) exp(—Ea/kT)P,*+P2*/P,P2, an expression 
derived by Eyring (J. Chem. Phys. 3, 107 (1935)) and Rice and 
Gershinowitz. (See reference 2.) However, their approach cannot 
be used as such for the derivation of the pressure effect. 

6 We observe that it is possible to have several doubly degener- 
ate rotations in an activated complex, although just one in a 
stable molecule. If, for example, the methyl radicals rotate freely 
in the activated complex corresponding to the dissociation of 
ethane, there are three doubly degenerate rotations, one per 
methy] radical and one for the rotation of the complex as a whole. 
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grees of freedom is given by’ 


Pet=TIs[ 2(J 4 exp(—J 2h? /8?T kT) dJ ; 
0 


= (84kT /h?)*![] V(d;/2)I 44/2. (14) 


Therefore (13) becomes, 
y— E, r/2—1 
NAy)= LV P(E»)(——) Prt/kTY(r/2). (15) 
Ev sy 


To calculate (o"" N2(y)dy from (15), the order of 
summation and integration is interchanged so that the 
limits for EZ, and for y become <£E* and E, to Et, 
respectively. Integration over y then leads to 


E+ Et—E,\"! 
f N2(y) = a P(E)( ) 
0 E» <Et* kT 


x Prt/T(i+r/2). (16) 


From (10) and (16) we then obtain: 


E+-—E,\""? 
P;+Prt > ( ) P(E,) 
Ey <E+ kT 


k (17) 





*PT(+r/2) ¥ AN*(E,+E*—E)D(E:) 


Ei <Et+ 
From (11) and (16) we also find: 
Pit Prt exp(—E,/kT) 
P,PAT(1+r/2) 





uni— 


Et-—E,\" 
2. P(E)( a ) exp(— E+/kT)dEt 


Pe, <R* 
Y goal | 
0 1+k,/kop 
(18) 





where k, is given by (17) 

Equation (18) may be further simplified by two 
approximations. In most of our applications of (18), the 
vibrational frequencies of A* will be assumed to be 
rather high so that the majority of such activated 
complexes are produced in their ground vibrational 
states. Since E, is the nonfixed vibrational energy, 
E,=0 and P(E£,)=1 for such states. Thus the sum 

> (£-E,)'’P(E,) is approximately equal to its 
Ey SEt* 
first term, (Z*)"/?. At very low pressures this approxi- 


7 We note here that the present treatment of the rotational de- 
grees of freedom of a molecule leads to the usual classical expres- 
sion for the partition function of a symmetric top molecule having 
(or not having) free internal rotation. This provides some justifi- 
cation for our using a very simple expression for the rotational 
energy levels of a molecule. In the case of an asymmetric top, 
Eq. (14) leads to the correct classical expression for the partition 
function if the rotations associated with two moments of inertia, 
I, and Is, are treated as one doubly degenerate rotation possessing 
a moment of inertia equal to (/;/2)'. 
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mation results in no error, for unity may be neglected 
in the denominator of (18) so that this sum cancels out, 
The error would seem to be largest at p= ©. On inte- 
gration at p=, it is found that k,,,; is in error by a 
factor equal to the vibrational partition function of At, 
P,* say. Although P,* generally will be closely equal to 
unity, the foregoing sum will be replaced by (Et)"P,+ 
as a better approximation. 

In the summation over E; in Eq. (17) N*(E,+ E+—E,) 
= \*(E,) to a good approximation; for E., which is 
essentially the bond strength, is of the order of 50 to 
100 kcal mole, while (E+—E,) is less than several 
kcal mole on the average. 

Introducing these approximations into (17) and (18), 
and multiplying (18) by Pr*+/Pr, the ratio of the parti- 
tion functions for the three external translational de- 
grees of freedom (P7+=Pr), the following expression 
for kun: is obtained, 





kT P+ exp(—£,/kT) f w!e—vdw 
feces mse 9) 


he P T'(i+r/2) 9 1+aw"!?’ 
where we have set E+/kT=w. P+(=Py+P prt P,*P7*) is 
the partition function for all degrees of freedom of A* 
(excluding the internal translational motion along the 
reaction coordinate) and P(=P,P2Pr), the partition 
function for A. These are calculated by conventional 
methods. a is given by (20). 
wkT 
a-'= P\hkopV(1+1r/2)N*(E.) >> D(E;)/P3*, (20) 


Ei =0 


where P3+=P,+PprtP,*. The sum in (20) is naturally 
replaced by integration for those inactive degrees of 
freedom which can be treated classically. k2 is simply 
the kinetic theory collision frequency which, if deactiva- 
tion does not occur at every collision, should be multi- 
plied by some inefficiency factor. 

To complete the derivation, an expression for N*(E£:) 
in (20) is needed. N*(u) is the number of quantum 
states per unit energy of the “active” part of the active 
molecule when the energy of that part is w. The ma- 
jority of these degrees of freedom are vibrational in 
nature and should therefore, in general, be treated as 
quantized. A classical treatment of such degrees of 
freedom is much simpler than the exceedingly laborious 
quantum treatments but generally gives a gross over- 
estimate of N*(u). For such quantized vibrations we 
have found that a good approximation to the averag¢ 
number of vibrational quantum states per unit energy, 
N,*(u) say, is given by the following semiclassical 
expression! when u is large (which it is, for active 
molecules). 


Ne*(u)= (w+ E,)1/0(s) TT hv (21) 
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E,= > hyv;/2, 


i=1 


y; is the i’th vibrational frequency of A and s is the 
number of ‘‘active’”’ vibrational modes. 

If some rotational degrees of freedom (other than 
those involved in P;) are active and if their number of 
quantum states per unit energy is Np*(x) when their 
energy is x, then N*(u) is given by (22). Otherwise 
N*(u) is equal to V,*(u). 


vew= N,*(u—x)N R*(x)dx. (22) 


z=0 


The derivation of an expression for NV r*(x) is similar 
to that employed in the treatment of the rotational 
degrees of freedom involved in (15). Examination of this 
equation shows that 


Ng*(x)=Pa(x/kT)“/2—/RTT (t/2), (23) 


where P, is the partition function for the ¢ active rota- 
tions of the active molecule. 

The rotational degrees of freedom associated with 
N2(y) and NR*(x) have been assumed to be unhindered. 
If some of these are in fact hindered, then the above 
treatment will be assumed to provide a reasonable 
approximation. However, for such degrees of freedom, 
the correct hindered rotational partition functions will 
be introduced into Prt and Py. We have found this 
procedure to provide a good approximation to some 
more complicated calculations for the dissociation of 
ethane to methyl radicals. 


BIMOLECULAR RATE CONSTANT 


The equilibrium constant for A=radicals is given 
by (24). 
Runi/Roi=exp(—AH/RT)(Praa/P)g, (24) 


where AH is the heat of reaction, Praa, the partition 
function for radicals, P, that for the molecule, A, and 
gis the electron spin-orbital degeneracy of the radicals. 
We have omitted the corresponding factor for A (and 
At) since these are generally in a singlet >> electronic 
state. From (19) and (24) we find for ko; 


kT P+ exp[(AH—E,)/kT]J(a) 


c= ’ 


h P, rad 


1 es) qw!2e—vdw 
ee | 
T(1+17/2) Jv-0 1+aw"!? 





At sufficiently high pressures, a=0 and J(a)=1. 
Since there is presumably no potential energy barrier 
along the reaction co-ordinate, one might argue that the 
activation energy for the recombination process, 
AH— E,, should be zero. If there are no orientative re- 


strictions on recombination so that the radicals rotate 
freely in the activated complex then (assuming no 
potential energy barrier) AH=E£,. If, however, some 
orientation is necessary so that the activated complex 
has, in addition to the vibrational frequencies of the 
isolated radicals, several “bending frequencies,” then 
the activation energy becomes equal to the sum of the 
zero point energies of these new vibrational modes, 
when they can be regarded as quantized. When the 
lifetime, ¢, of the activated complex is small, the energy 
levels become appreciably broadened by an amount 
~h/t, so that the activation energy is correspond- 
ingly less. 

The relation between (25) and the simple collision 
theory expression for k;, may readily be seen from the 
following approximate considerations. It is assumed that 
P+ may be factored into (8m°Jkt/ch?) Prot+Pyiv*Prrans*, 
where the first factor is the rotational partition func- 
tion associated with the two larger moments of inertia, 
I, of the approximately ellipsoidal activated complex 
and P,¢+ is the partition function for the remaining 
rotations of the complex. The symmetry number, c, 
equals 2 or 1 according as the radicals are, or are not, 
identical. We shall also factor Praga into ProtPvinP trans. 
If the masses of the radicals are m, and m» then the 
translational partition functions per unit volume are: 


Prrans* = [2a(matms)kT |'/h', 
and 
Prrans=(22(mamy)*kT P/h'. 


In addition, J=oas?, where u is mam,/(ma+m,) and 
ap is the distance between the centers of gravity of the 
radicals in the activated complex. With these expres- 
sions Eq. (25) becomes, 


kui=(Z/g)(Prott/ Prot) (Print /Pviv)J (a) 
Xexpl(AH—E,)/kT], (26) 


where Z is the kinetic theory collision number. 


8r2kT \ * oan? 
as es bee 
be o 

If the complex consists of freely rotating radicals then 
Prott= Prot, Pvint=Pyin and consequently the steric 
factor is equal to (1/g). If, however, a high degree of 
mutual orientation of the free radicals is necessary for 
the formation of an activated complex, then one might 
assume that the vibrational frequencies of the complex 
are the same as those of the molecule, A (except that a 
stretching vibration of A becomes an internal transla- 
tion of At). With this assumption it still follows that 
(Pyint/Pvin)=1 for most reactions. Also, some of the 
partition functions in (Pyort/Pyot) will approximately 
cancel and the ratio reduces to a product of the partition 
functions, frot say, of those rotational degrees of freedom 
which are present in the isolated radicals but are 
“frozen out” when the activated complex is formed. 
The steric factor then becomes (gfrot)~! (see reference 2). 
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These extreme types of activated complexes were 
termed! “loose” and “rigid,” respectively. The latter is 
also associated with a high pressure frequency factor 
of 10 sec! for the corresponding unimolecular dis- 
sociation, since in Eq. (19) we have PtP (and 
kT/h&10* sec) for this case. The corresponding factor 
for the loose complex is = frotX 10" sec. 

While the true state of the complex would be ex- 
pected to be intermediate between “loose” and “rigid,” 
it should prove very interesting to see which of the 
above approximations gives a better explanation of the 
data. Although one could make some a priori calcula- 
tions, based on potential energy curves, concerning the 
nature of the activated complex, such calculations 
should be regarded as highly tentative. 

Another important problem is the role of the vibra- 
tional degrees of freedom in intramolecular energy 
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transfer. From some applications of the present formal- 
ism to the experimental data, it seems quite possible 
that essentially all the vibrational modes of the mole. 
cule, A, are “active” degrees of freedom. Thus the 
variable, s, in Eq. (21) becomes equal to the number of 
such modes. It would appear from this that vibrational 
anharmonicity plays an important role in intramolecu- 
lar energy transfer, and would have to be taken into 
account in more fundamental approaches to this 
problem. 
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The characteristics of this atomic cracking reaction and of the pressure and steric effects associated with 
the recombination of methy] radicals are all intimately related. The available data on these reactions are 
correlated by means of a previously developed theory. Some experimental results on the steric factor and the 
data on the remaining subjects appear to be consistent with the assumption that the methy] radicals must be 
highly oriented with respect to each other in order that recombination occur. However, experimental steric 
factors of unity have also been reported in the literature. The corresponding assumption of no orientation 
leads to disagreement with the remaining data unless some of the rotational degrees of freedom of the 
“active” molecule, in addition to the vibrations, are assumed to be “‘active.’’ Even then, the difficulties are 
not completely removed. Further experimental work on these reactions is needed. 


INTRODUCTION 


EVERAL studies on the pressure and steric effects 
associated with the recombination of methyl radi- 
cals have been reported recently.':? While there seems to 
be general agreement as to the pressure dependence of 
the rate constant, different experimental techniques 
gave widely different values for the steric factor. The 
reaction appears to be independent of the pressure of 


* This work was financially assisted by the ONR, Contract No. 
N8onr-77900. 

+ Present address: Department of Chemistry, Polytechnic 
Institute of Brooklyn. 

1 By use of intermittent light: (a) V. E. Lucas and O. K. Rice, 
J. Chem. Phys. 18, 993 (1950). (b) R. Gomer and G. B. Kistia- 
kowsky, J. Chem. Phys. 19, 85 (1951). (c) R. E. Dodd, Trans. 
Faraday Soc. 47, 56 (1951). However, it should be mentioned that 
there is some slight doubt about the nature of the recombination 
reaction studied by (a) and (c). 

2 By comparison with reaction of CH;+NO: (a) R. A. Marcus 
and E. W. R. Steacie, Z. Naturforsch. 4a, 332 (1949), and subse- 
quent unpublished work in which the NO was admitted into the 
reaction system continuously. The latter research, which elimi- 
nated some difficulties present in the former, gave a steric factor 
107 to 10-6, while the former gave a steric factor of at least 107%. 
f"} * M. Miller and E. W. R. Steacie, J. Chem. Phys. 19, 73 

1951). 


inert gases'>2> above 5 mm. No measurements have 
been reported at lower pressures. Steric factors of unity 
and 10-5 (references 1 and 2, respectively) have been 
estimated. Still another experimental approach* has 
suggested a steric factor less than 0.1. 

The following discussion suggests that the charac- 
teristics of the recombination of methyl] radicals are 
closely related, from a theoretical viewpoint, to the 
relative rates of the “atomic cracking’’ reaction (1) and 
the recombination reaction (2). It will be assumed that 
reactions (1) and (2) may be written in a more illumi- 
nating manner as (3), (4), and (5). 


H+C.H;=2CH;, 
H+C;H;=C:Hsg, 
H+C,Hs=C2H,*, 

C:He*+M=C:He+M, 


ka 
C.H,.*= 2CHs. 


9 a O. Allen and C. E. H. Bawn, Trans. Faraday Soc. 34, 463 
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C,H¢* represents a high energy (“active”) molecule 
gntaining about 98 kcal mole of vibrational energy 
arising from the newly formed C—H bond. M denotes 
any molecule capable of deactivating a C2H«* molecule. 
The value of &, associated with (5) was estimated to bet 
a 1.1107 sec~!, where A is the efficiency of the 
deactivating collision (4). 

The recombination of methyl radicals is closely re- 
lated to the atomic cracking reactions since it involves 
the reverse of (5) followed by (4) or alternatively by (5). 
(ne important difference is that in this case the average 
(;H,* molecule has an energy of ca 85 kcal mole“ (the 
(-C bond strength in ethane) rather than 98 kcal 
mole. 

The problem of interpreting the ‘“‘atomic cracking” 
and methy] radical recombination reactions reduces to a 
discussion of the nature of the degrees of freedom of 
(,H,* and of the activated complex, C2H¢*, involved in 
reaction (5). In the following treatment specific as- 
sumptions about C2H,* and C2H¢* will be introduced 
into rather general theoretical expressions® for pressure 
and steric effects and for the magnitude of ka. 
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Before considering these assumptions, a classification® 
of the degrees of freedom of the active molecule will be 
reviewed briefly. These degrees of freedom were classi- 
fed into two groups according to whether they do or do 
not remain in the same ‘“‘quantum state” during the 
lifetime of the active molecule. The former group is said 
to be “adiabatic.” Those of the latter group may be 
further specified with regard to their role in intramolecu- 
lar energy transfer. They are termed “inactive” if they 
are not capable of transferring (or receiving) energy to 
the breaking (or newly formed) chemical bond. Those 
which are so capable are said to be “active.” All 
vibrational degrees of freedom will be assumed to be 
ative. The rotations corresponding to the two larger 
moments of inertia of ethane will, for purposes of 
approximate angular momentum conservation,’ be 
assumed to be adiabatic. 

Several alternative assumptions will be made about 
the two remaining degrees of freedom, rotation about the 
symmetry (C—C) axis and internal hindered rotation. 
If the active molecule retained its symmetric top con- 
figuration during the course of decomposition of the 
molecule, the angular momenta associated with these 
‘tations would be constants of the motion. The rota- 
tions would, in turn, be classified as adiabatic. However, 
due to the appreciable increase of C—C distance the 
deviations from a symmetric top configuration may be 
0large that the rotations become active. Finally if these 
deviations are only appreciable when the molecule is 
‘sentially an activated complex, the rotations would 


behave as inactive degrees of freedom. As will be seen 
——— 

R A. Marcus, J. Chem. Phys. 20, 352 (1951). 

R. A. Marcus, J. Chem. Phys. 20, 359 (1951); see R. A. 
atcus and QO. K. Rice, J. Phys. Colloid Chem. 55, 894 (1951). 































M 





METHYL RADICAL RECOMBINATION 


365 





TABLE I. Degrees of freedom of C:H¢ and of C2H¢*. 








Degrees of freedom 
of CsHet 


Assumptions Non- 





About About two Degrees of freedom of CsHe adiabatic adiabatic 
C:Het rotations Adiabatic Active Inactive rotations rotations 
loose adiabatic 4 17 0 4 4 
loose inactive 2 17 2 2 6 
loose active 2 19 0 2 6 
rigid adiabatic 4 17 0 4 0 








later, the adiabatic and inactive assumptions lead to 
rather similar results. In the absence of any suitable 
guide as to the correct assumptions, calculations will be 
made for all three cases. 

Two rather extreme assumptions may be made about 
the activated complex for reaction (5). (1) The complex 
consists of freely rotating radicals. (2) The degrees of 
freedom of the complex are very similar to those of 
ethane with the exception that a C—C stretching vibra- 
tion in the latter has become, in the former, an internal 
translational motion along the reaction path. 

These complexes are termed “loose” and “rigid,” 
respectively. The rigid complex corresponds to a re- 
quirement of a highly oriented collision of methyl 
radicals, while the assumption of a loose complex is 
equivalent to a steric factor of the order of magnitude of 
unity.’ The absence of an activation energy for these 
reactions makes a specification of the activated complex 
rather difficult a priori. A more detailed discussion of 
this problem will be reserved for a later date. For the 
present, calculations will be made for both complexes. 

The various alternative assumptions employed in the 
following calculations, together with the corresponding 
specification of the degrees of freedom of ethane and of 
the activated complex for reaction (5), are summarized 
in Table I. It will be noted that some alternative as- 
sumptions in the case of the rigid complex were not 
investigated. However, the numerical results for these 
omitted cases can be roughly extrapolated from the 
results given in the following. 

For purposes of brevity only the detailed calculation 
of the unimolecular rate constant kun; will be discussed. 
However, the values of k,, the dissociation constant of 
(5), and of k»;, the bimolecular rate constant for the 
recombination of methy] radicals given in the following, 
may be estimated in a similar manner using Eggs. (17), 
(25), and (26) of reference 5 and the data given in 
Appendix I. 

The following expression for kun; as a function of the 
pressure p was derived earlier.® 





uni 


kT P+ exp(—E./kT) r xtlte-adx 
hk PRP P(Atr/2) Jeng 10x72” 
where 


a-'= P,hkop1'(1+1/2)N*(Ea) Zz D(E,)/Ps*, 


Ei SakT 


(7) 















Rm. A. 


TABLE II. Numerical values of integrals in 
Eqs. (11), (16), and (21). 











A- J(A) Bo K(B) Cc L(C) 
0 0.00 0 0.00 0 0.00 
0.25 0.071 0.25 0.035 8.58 0.26 
1 0.19 1 0.11 32.0 0.45 
4 0.40 4 0.28 91.1 0.62 
16 0.67 16 0.54 250 0.77 
36 0.80 36 0.71 1141 0.92 
oo 1.00 oo 1.00 00 1.00 








and N*(E,) is given by Eqs. (21) or (22) of reference 5 
depending on the number of assumed active rotations. 
E, is the activation energy for the dissociation of 
ethane. P and Pt are the partition functions for all 
degrees of freedom of C2H¢ and C2H¢*, respectively, 
with the exception that P* does not include one degree 
of freedom of the activated complex, namely, the 
internal translational motion along the reaction co- 
ordinate. P; is the partition function for the adiabatic 
degrees of freedom of ethane, and P3;* is the partition 
function for all rotations and vibrations of the activated 
complex. These partition functions are estimated by 
conventional methods from the data given in Appendix 
I. [' is the gamma-function and ke the collision fre- 
quency for the deactivation of active molecules. In the 
following, the inefficiency of this process is represented 
by a factor \. The number of nonadiabatic rotations of 
the activated complex r is given in the last column of 
Table I. D(E;) is the number of quantum states of the 
inactive degrees of freedom when they have an energy 
E;. According to the present assumptions, these are 
nonvibrational in nature so that the sum in (7) may be 
replaced by an integral over E; from 0 to xkT (the 
rotational energy levels are sufficiently closely spaced). 
The corresponding integrand is simply the number of 
rotational quantum states per unit energy for the 
inactive rotations and is given by an expression similar 
to Eq. (23) of reference 5. When no degrees of freedom 
of ethane are assumed to be inactive, the sum over E; 
should be replaced by unity. With the previous equa- 
tions and the data in Appendix I, kun; was evaluated. 

The dissociation constant of C2H¢*, ka, is given below 
as a function of the energy of the corresponding acti- 
vated complex Et. In the following equations, Z is the 
frequency of collisions of methyl radicals and P(£,), the 
number of vibrational states of an activated complex 
whose “nonfixed” vibrational energy is E,. P(E,) is 
estimated from the vibrational frequencies of the 
activated complex by a straight-forward procedure.*® 


6 For example, let »; be the vibrational frequency of the ith 
oscillator, which is p;-fold degenerate, say. If the molecule has m 
different frequencies, then the number of vibrational modes is 
(pit++-+fm)=2Z; pi. Consider a particular vibrational energy 
level whose nonfixed energy is E,= :. nihv;, the n; being integers. 
The number of quantum states associated with the distribution of 
nm; quanta among #; vibrational modes is equal to the number of 
ways, (i+ p:—1)!/ni!(pi—1)!, that m; identical balls can be 
distributed among #; boxes. The total number of vibrational 
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The summations in (8), (13), (18), and (23) are over all 
vibrational energy levels of the complex EZ, such that 
E,< E*. The nature of the assumption about the two 
rotational degrees of freedom discussed earlier is indj- 
cated in italics. The present calculations correspond 
to a temperature of 300°K. However, the temperature 
dependence of the numerical results is rather minor, 
Pressures are in mm and energies, in kcal mole. 


1. Loose Activated Complex 
(a) Adiabatic 
7.4X10° >> P(E,)(E*—E,)? 








Ra =, ¢ 
(130+ Et) 
Runi=5.0X10"J(A) exp(—E./RT) sec, (9) 
ky:=0.25ZJ(A), (10) 
where 
© eds 
J(A)=0.5 (11) 
z=0 1+Ax? 
and 
A=0.69/Xp. (12) 


The integral J(A) may be expressed’ in terms of 
exponential sine and cosine integrals. Evaluated from 
tables® of the latter, J(A) is given as a function of A in 
Table II. 


(b) Inactive 
‘ _ 4.2108 D P(E») (Et—£E)* 
(130+ E+)!” (130)" 
kuni=5.0X10"K(B) exp(—E,/RT) sec, (14) 


ec, (13) 








ky:=0.25ZK(B), (15) 
where 
1 7” x*e-*dx 
K(B)=- J (16) 
6 z=0 1+ Bx? 
and i 
B=0.23/Xp. (17) 


K(B), estimated in the same manner as J(A), is givenin 
Table II as a function of B. 





(c) Active 
, _ 42x 104 » P(E,)(E*— E,)? A 
(130+E+)" 
kuni=5.0X10"L(C) exp(—E./RT) sec", (19) 
kyi=0.25ZL(C), (20) 


quantum states P(E,) corresponding to the energy level E,,% 


ry (nit pi—1)! 

.. nil(pi—1)!? 

if the vibrational frequencies are not commensurable. 7 

7D. Bierens de Haan,. Nouvelles Tables D’Integrales Defimies 
(G. E. Stechert and Company, New York, 1939), p. 133. 

8 “Tables of Sine, Cosine and Exponential Integrals” (Feder! 

Works Agency, W. P. A., New York, 1940), Vol. 1. 
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where 
1 f® x*e-*dx 
L(C)=- J (21) 
6 Jo 1+ Cx? 
and 
C=0.018/Ap. (22) 


In Eqs. (18) and (22) a term, (45)!7, has been neg- 
lected in comparison with (130+ +)" and (130)", 
respectively. The error thus incurred is negligible. 

L(C), calculated in Appendix II as a function of C, is 
given in Table IT. 


2. Rigid Activated Complex, Adiabatic 
: 4.4X 108 > P(E,) 











eco}, (23) 
(130+ E*)'® 
4.3X 10" exp(— E,/RT) 
uni— sec}, (24) 
1+0.011/dp 
2.2X 10-*Z exp(—«/RT) 
= ; (25) 
1+0.011/Ap 


The quantum-mechanical origin of the activation 
energy € has been discussed elsewhere.® According to 
the present formalism, ¢€ is simply equal to the zero- 
point energy of the four new vibrational modes pro- 
duced when a rigid activated complex is formed from 
methyl radicals. The corresponding vibrations in ethane 
are doubly degenerate (as they are in the complex) 
rocking vibrations and have a zero-point energy of 5.6 
kcal mole. € will be somewhat less than 5.6 since the 
corresponding vibration frequencies of the - complex 
should be smaller than in the molecule, and secondly, 
the levels may be appreciably broadened as a result of 
the possibly short lifetime of the activated complex. 

Evaluating P(E£,) as indicated in reference 6, ka is 
given in Table IIT. 


DISCUSSION 
1. Ra 


The experimental value associated with reactions (3), 
(4), and (5) was found to be 1.1 107A sec—. Since the 
active molecule has, in this case, an energy of 98 kcal 
mole" while the C—C bond strength is only 85 kcal 
mole“, the activated complex in reaction (5) will have 
an energy Et of (98—85)=13 kcal mole. From Table 
lI the calculated value of ka is, if X~1, seen to be in 
good agreement with the experimental if the activated 
complex is assumed to be rigid. It is seen from Table III 
that an uncertainty in the difference of the C—H and 
C-C bond strengths of 3 kcal mole introduces an 
uncertainty of a factor of 3 in the calculated value of ka. 
On the other hand, k, calculated on the basis of a loose 
‘complex appears to be larger than the observed value 
by a factor of about 100/A, and A<1. 
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TABLE III. Dissociation constant* k, of ethane 
as a function of Et. 








Rigid complex Loose complex 


+ 
(kcal mole~) 





(adiabatic) (adiabatic) (inactive) (active) 
0 6.6 104 0 0 0 
5 40 10 2.0 108 7.2 10° 3.4 10° 
8 1.5 106 7.2 108 2.6 108 1.6 108 
10 2.7 108 1.4 10° 49 108 3.6 108 
13 7.5 108 3.5 109 1.2 10° 1.0 109 








® Units are sec™. 


2. Recombination of Methyl Radicals 


The loose and rigid complexes correspond to markedly 
different steric factors but, as noted earlier, the present 
experimental data are in an unsatisfactory state. It will 
be noted that the steric factor for the recombination of 
radicals via a loose complex is 0.25 since three-fourths of 
the collisions lead to a repulsive triplet state and there 
are no orientative restrictions. 

The absence of any pressure dependence of the 
bimolecular rate constant in the pressure range 5 to 200 
mm is quite interesting. This behavior is in complete 
agreement with that expected from the assumption of a 
rigid complex (Eq. 25). The predicted behavior of the 
loose complex is found by plotting the data of Table IT 
vs Ap using Eqs. (12), (17), and (22). From such graphs 
one finds that k»; has fallen to one-half its high pressure 
value when Ap=4.7, 3.0, and 0.74 mm for the adiabatic, 
inactive, and active cases, respectively. With the usual 
assumption of \™1, it is seen that the assumption of a 
loose complex corresponds to a large predicted pressure 
effect in the range 5-200 mm in the first two cases. In 
the third case the predicted effect would probably be 
smaller than the probable experimental error (which 
may be about 20 percent). Thus the observed pressure 
dependence may be explained on the basis of a loose 
activated complex only if the two rotational degrees of 
freedom are assumed to be active. On the other hand, as 
mentioned earlier, such assumptions do not appear to be 
consistent with the experimental value of ka. Neverthe- 
less, further experimental work along these lines, that 
is, on atomic cracking reactions, is necessary. An incon- 
sistency with the present data can hardly be considered 
serious. 


SUMMARY 


The present calculations and discussion appear to 
favor the assumption of a rigid activated complex. 
Nevertheless, the dearth of reliable data makes this 
conclusion highly tentative. A knowledge of the pressure 
dependence of the rate of recombination of methyl 
radicals at pressures below 5 mm should prove very 
illuminating. A reliable estimation of the steric factor 
would be equally helpful. One might expect the activated 
complex to be intermediate in nature between the rigid 
and loose types. If this proves to be true, an interpolation 
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procedure could be developed for the correlation of the 
various characteristics discussed in the present paper. 
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APPENDIX I. NUMERICAL DATA 


The vibration frequencies of a methyl radical were inferred from 
those of methyl iodide® to be 2855, 1252, 1445 (2), and 3074 (2) 
cm™, Those of ethane were taken! to be 827 (2), 993, 1120 (2), 
1380 (2), 1470 (4), 2927 (2), and 2975 (4) cm™ (slightly rounded to 
facilitate computation of the P(E,) associated with a rigid com- 
plex). With the exception of the 993 cm™ frequency (C—C 
stretching), these were assumed to be the vibration frequencies of 
the rigid activated complex. The loose complex was assumed to 
have vibration frequencies equal to those of the isolated radicals. 

The moments of inertia of ethane were taken to be! 42.3, 42.3, 
and 11.0X 10 g cm? molecule“. Assuming a planar configuration 
of a methyl radical and a C—H distance of 1.1A, its moments of 
inertia were estimated to be 6.03, 3.02, 3.0210-* g cm? mole- 
cule“, The rigid complex was assumed to be an elongated ethane 
molecule having planar methyl groups and a C—C distance of 
3.3A. Its moments of inertia were estimated to be 142, 142, and 
12.06 g cm? molecule. The rotational partition function of the 
loose complex is equal to the product of the individual partition 
functions for each methyl radical multiplied by the partition 
function of a diatomic molecule (formed by the centers of gravity 
of the radicals) whose moment of inertia is 7.5(3.3)?. 

The collision frequency Z equals (27kT/yu)*o:? where w and o1 
are the reduced mass (u=7.5) and collision diameter, respectively 
o; equals 3.3A. 

The partition function for restricted rotation was assumed to 
equal 

Wmax 


> exp(—W;/kT)+ 
t=1 


(8m°IkT) 
oh 


exp(— W max/hT), 


where J is the effective moment of inertia for internal rotation 
(I=(11.0/4)X10-* g cm? molecule) and o the symmetry 
number. The energy levels W; were taken to be! 0, 275, 520, 726, 
and 965 cm™ with the latter equal to Wmax. Internal rotation in 
the rigid activated complex was assumed to be free and to have a 
moment of inertia equal to 3.02 10-*° g cm? molecule™. 


®T. Y. Wu, Vibrational Spectra and Structure of Polyatomic 
Molecules (Edwards Brothers, Inc., Ann Arbor, Michigan, 1946). 
10 Crawford, Avery, and Linnett, J. Chem. Phys. 6, 682 (1938). 
1G. Herzberg, Molecular Spectra and Molecular Structure (D. 
Van Nostrand Company, Inc., New York, 1949), Vol. 2. 
( 2 Kistiakowsky, Lacher, and Stitt, J. Chem. Phys. 7, 289 
1939). 
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The collision frequency for deactivating collisions was taken to 
be 5.86 10° mm sec. The values adopted for the C—H and 
C—C bond strengths of ethane were weighted averages of three 
independent determinations,” (98, 97.5, 96.8) and (85.6, 87.0, 
83.4) kcal mole, respectively. 


APPENDIX II. APPROXIMATE EVALUATION OF 
is ux'e*dx =R(u) 
z= u+x3 - 
We have 


xed ad 
nium 2) Rim fo SEE ents, 


where 
f(x) =6 Inx—x—In(u+2). (2A) 


This integral approaches 6!/u and 3! for large and small yu, 
respectively. The Stirling approximation to m! being quite good in 
this range of m, (1A) will be evaluated by a method which can also 
be used to derive the Stirling formula. Since R(u= ©)=3!, R(u) 
is then readily obtained. 

Let the maximum value of the Gaussian-like function exp(f(z)) 
and therefore of f(x) occur at x= £ and expand f(x) about x=¢ina 
Taylor series. Since f’(£)=0, we have 

—¢)2 
fa) =f0+ 25 pro (34) 
neglecting the higher order terms. Solving f’(¢)=0 where f(x) is 
obtained from (2A), we find 


6—£=38/(u+#) (4A) 
while from (2A) —f’’(¢)=W is given by 
N=6/2+3(2uE—&)/(u+)?. (SA) 


By introducing (3A) into (1A), changing the lower limit from 0 to 
—o (with but little error) and integrating, we find for R(u) 
Rwy23t—-(+ (6-8), exp(—®), (6A) 
N 3 
2(6—£) 
27(3N)! 

Equation (7A) is obtained by introducing Stirling’s equivalent 
of (27)!, namely, (3!/v3)(e/3)* into (6A). This procedure reduces 
the error in the expression for R(u) to a smaller value, particularly 
for small values of wu. 

The error in 3!—R(u) as given by (6A) may be roughly esti- 
mated by comparing with the known error in Stirling’s approxima- 
tion of 2! Evaluation of R(u) directly, instead of via (1A), would 
have been subject to greater error on the average. 

Instead of solving the quartic Eq. (4A) for £, various values of § 
were chosen and the equation solved for u. Table II was built up in 
this manner. 


33!— 


 exp(3—£). (7A) 


13 E. W.R. Steacie, Atomic and Free Radical Reactions (Reinhold 
Publishing Corporation, New York, 1946). 
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The behavior of cyanogen flames under a variety of conditions has been observed. Because of the rela- 
tively high stability of cyanogen, the behavior is considerably different from that of hydrocarbon flames. 
Because of the high stability of the combustion products, CO and Nz, the flame temperature can reach 
temperatures above 4800°K. Thus the cyanogen-oxygen flame is the hottest natural flame known. 

Spectroscopic observations have been made of both the reaction zone and the mantle of completely com- 
busted gases. Rotational and vibrational temperature measurements using the CN violet system have 
indicated that the reaction zone is not in thermal equilibrium but that the mantle is in thermal equilibrium. 
Comparison of the calculated flame temperatures based on different heats of dissociation of N» with the 
observed mantle temperatures has fixed DN2=9.764+0.005 ev and Don =8.2+0.2 ev. 





INTRODUCTION 


HE first extensive studies of the cyanogen flame 
by Pannetier and Gaydon,! Pannetier and Laf- 
fitte,2 and Pannetier*® have indicated interesting possi- 
bilities. To a worker interested mainly in combustion, 
cyanogen provides an interesting contrast to hydro- 
carbons as a fuel, while to a thermochemist it provides 
a means of obtaining very high equilibrium tempera- 
tures, owing to the great stability of the flame products. 
The work described in this article is a spectroscopic 
study of various cyanogen flames, and a discussion of the 
results obtained. It was initiated at Imperial College; 
the section on vibrational temperature measurement 
was carried out in collaboration while one of us (L.B.) 
was temporarily working in England. 


EXPERIMENTAL 


Cyanogen was preparéd by heating mercuric cyanide 
toa dull red heat in a Pyrex distillation flask. It was 
stored in a metal gas-holder of 10-liters capacity, over 
mercury. The gas was fed through the top of the metal 
float, forcing it up. It was forced out by placing two 
heavy metal weights on the float (about 20 kg). 

The main difficulty in handling cyanogen lay in its 
high solubility. For this reason mercury had to be used 
in the gas-holder, and the metering of the gas presented 
some difficulty. Eventually use was made of the fact 
that cyanogen was insoluble in a saturated solution of 
NaCl, acidified with 10 percent HCl. This liquid was 
accordingly used in a flow-gauge of the normal capillary 
type, which was calibrated by a simple displacement 
method, feeding the cyanogen into a vertical calibrated 


+ John Simon Guggenheim Memorial Fellow, 1950. 
ton F anneticr and A. G. Gaydon, Compt. rend. 225, 1300 
1G. Pannetier and P. Laffitte, Compt. rend. 226, 72, 341 (1948). 
- Pannetier, Colloque Int. sur Combustion Gazeuse, Paris, 
P. 142, and thesis, L’Université de Paris, 1949. 


glass cylinder filled with solution and observing the 
rate of displacement. 

No special difficulty was encountered because of the 
toxic properties of C2N2. We consider it less toxic than 
CO, and its rather pungent odor made it easy to detect. 


PRELIMINARY OBSERVATIONS 


Exploratory work was first carried out on the 
cyanogen-air diffusion flame, burning at a small quartz 
jet. A Hilger Raman spectrograph of {/4 was used. The 
flame was of a purplish-pink color, and unlike hydro- 
carbon diffusion flames, had a definite rounded contour. 
It showed no trace of carbon formation. The spectra 
showed strong CN violet and red systems, also NH, 
but no trace of Co. 

Pre-mixed flames with air were of a rather similar 
appearance, but showed a definite reaction zone or 
“inner cone.” The spectra were similar to those of the 
diffusion flame, but rather more intense, and faint C. 
Swan bands were observed. All preliminary spectro- 
scopic observations were made on the reaction zone or 
inner cone. 

The cyanogen-oxygen pre-mixed flames, however, 
were of a very different nature. We obtained a small 
flame with a bright white inner cone, whose brightness 
was comparable with that of a carbon arc. The spectrum 
of this inner cone was very different from that of the 
cyanogen-air flame. The C2 Swan system was strongly 
developed, also the 4315 CH, the 3360 NH, and the 
3064 and 2811 OH bands. An interesting feature was 
the very strong and well-developed 8— NO system ex- 
tending below 2300A. At 3020A a band of unknown 
origin was found, identical with one previously de- 
tected by H. G. Wolfhard in flames supported by N,O 
and NO. A number of CN tail-bands, corresponding to 
those tabulated by Feast,‘ were observed in the 3200- 
2500A region. The CN system was relatively less in- 
tense than in the C.N--air flame. 


4M. W. Feast, Proc. Phys. Soc. (London) 62, 121 (1949), 
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A diffusion flame of cyanogen-oxygen was then run, 
using the concentric quartz tubes, C2N2 being fed 
through the inner and oxygen through the outer. This 
flame was very similar in character to the pre-mixed 
C.N2—O, flame, being bright white, compact, and 
giving an identical spectrum, though a rather less in- 
tense one. There did not appear to be any carbon forma- 
tion, in marked contrast to hydrocarbon flames. 

It was possible to reduce the intensity of the CH, 
NH, and OH systems by drying the C2Ne2 and oxygen 
over P;O;-coated glass beads. We also repeated Pan- 
netier’s observation of the introduction of water vapor 
into the C2N2—Oz diffusion flame, finding that it pro- 
duced a marked change in the nature of the flame, 
which came to resemble a C2N-2 air diffusion flame, the 
intensity of the C2 bands falling off about to zero and 
the CN violet system becoming more intense. 

A similar effect was observed when small amounts of 
SO; were introduced into the flame by bubbling the 
oxygen supply through oleum. Now Gaydon and Whit- 
tingham® found that SO; in small concentrations in- 
duces carbon formation in hydrocarbon flames and 
greatly reduces the C2 intensity. It is therefore interest- 
ing to note that in the C,N¢2 flame, the C> intensity is 
also reduced. 

On the other hand, the cyanogen flame gives little 
evidence of carbon formation. Only during an attempt 
to run a large burner of the Meker type on a C2N2—O2 
mixture did carbon formation occur in rich mixtures. 
In all other flames it was absent. 

Iron carbonyl was introduced into the flame, and the 
inner cone spectra recorded on a Zeiss Q.24 medium- 
quartz instrument. Abnormal excitation of iron lines, 
identical with that reported by Gaydon and Wolf- 
hard® for hydrocarbon flames, was found. This did not 
occur in the C2N> air flames. 

A cyanogen fluorine flame was also studied, but its 
spectrum only showed strong CN violet bands, very 
little C2, and some rather faint NO bands. However, 
on introducing a small amount of hydrogen into the 
flame, its luminosity was greatly increased, and strong 
C, and CH emission was obtained. Cyanogen did not 
ignite spontaneously with Fo. 

Cyanogen flames supported by N:O were also ex- 
amined and their spectra found to be identical with 
those of C.N2 oxygen flames, although the intensity 
was considerably less. 


CHILLED FLAMES 


An attempt was made to run a chilled cyanogen- 
oxygen flame using a burner similar to that described 
by Gaydon’ but much smaller. The best operating con- 
ditions were as follows. 


5A. G. Gaydon and Whittingham, Proc. Roy. Soc. (London) 
A189, 313 (1947). 

6 A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) 
A205, 118 (1951). 

7 A. G. Gaydon, Proc. Roy. Soc. (London) A179, 435 (1942). 
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Cyanogen with a slight admixture of air was fed into 
the central jet of the burner, and N;O into the outer 
jacket, which was water-cooled. A peculiar yellow-pink 
flame was then stabilized on the outer part, the central 
jet being maintained well below this level. 

Examination of this flame with the Raman spectro- 
graph showed the usual CN systems, some faint C,, 
and an apparently new system, degraded to the violet 
at about 3280A. Examination of this with the Q.24 
medium quartz spectrograph gave the following results 
when the lines were measured up: 


Intensity 


3291.4 10 
3285.1 7 
3279.3 Z 
3273.8 
3269.9 
3264.8 
3261.2 
3256.6 
3254.8 


These measurements suggest heads at 3291.4, 3264.8, 
and 3254.8, with rotational structure degraded to the 
violet. The possibility that this might be an extension 
of the CN violet system was considered, but these 
wavelengths do not correspond to any CN heads de- 
graded to the violet that would be expected in this 
region. 


ROTATIONAL TEMPERATURE MEASUREMENTS 
OF REACTION ZONE OF SMALL FLAME 


The pre-mixed C2N2 oxygen flame was bright enough 
to allow a detailed examination of the fine structure of 
the Cz. and CN systems with a large spectrograph. We 
used a glass Littrow instrument which gave reasonably 
short exposure times. The rotational temperature meas- 
urements were carried out by the method originated by 
Ornstein and van Wijk® and applied to flames by Gay- 
don and Wolfhard.® The method is a standard one and 
will not be described in detail here. 

The cyanogen-oxygen flame was burnt on a fine 
quartz jet, and plates were taken both of the reaction 
zone of the flame and of the white “mantle” which 
formed immediately above. The intensities of the 
rotational lines were measured up with a Zeiss micro- 
photometer, the plates being calibrated by use of a 
rotating step sector. As a source for the calibration 
marks, we used a tungsten strip lamp in the case of Cs, 
and an Fe arc in the work on CN. Owing to the variation 
of plate sensitivity in the C2 region, it was necessary to 
calibrate the plate at 50A intervals over the range in 
which we were working. Ilford Zenith plates were used, 
and were brushed to avoid the Eberhard effect. The 
(0,0) Cz and (0, 1) CN bands were used. The results 


8 L. S. Ornstein and W. R. van Wijk, Z. Physik 49, 315 (1928). 
9 A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) 
A201, 561 (1950). 





as fed into 
. the outer 
ellow-pink 
the central 


in spectro- 
> faint C,, 
the violet 
| the Q.24 
‘ing results 


ty 


1.4, 3264.8, 
ded to the 
1 extension 
but these 
heads de- 
ted in this 


-MENTS 
AME 


yht enough 
tructure of 
graph. We 
reasonably 
ture meas- 
iginated by 
es by Gay- 
rd one and 


on a fine 
he reaction 
tle” which 
ies of the 
eiss micro- 
y use of a 
calibration 
case of Cs, 
e variation 
ecessary to 
1e range in 
were used, 
effect. The 
The results 


), 315 (1928). 
‘oc. (London 


obtained are summarized as follows: 


C, in reaction zone, rich flame 

C, in reaction zone, stoichiometric 
(to CO and N2) flame 

C, in mantle, rich flame 

CN in reaction zone, rich flame 

CN in reaction zone, stoichiometric 
flame 

CN in mantle, rich flame 
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4500°K+400°K 


4700°K+400°K 
3500°K+400°K 
2700°K+400°K 


3150°K+400°K 
2475°K +.400°K 


The difference between C2 and CN rotational tem- 
peratures is evident. We shall return to this point in 


the concluding discussion. 


The NO system was well developed enough for tem- 
perature measurements to be carried out, though a 
fairly long exposure was needed (about 20 minutes). 
The transition probabilities for these bands have been 
computed numerically by Gaydon and Wolfhard.!° Using 
a mercury arc as a source for calibration marks, and a 
large quartz Littrow instrument, we photographed the 
system and obtained an apparent rotational tempera- 
ture of 3800°K. The error in this, however, may have 
been +1000°K, or even more, owing to the variation 
in plate sensitivity over the NO region. 


VIBRATIONAL TEMPERATURE MEASUREMENTS 
AND DETERMINATION OF Dn, 


It has been remarked that the cyanogen flame is 
interesting from the thermochemical viewpoint, since 
the high dissociation energy of its products, CO and Ne, 
prevents much heat being used in dissociation reactions, 
and so a very high equilibrium temperature is attain- 
able. Using high temperature thermochemical data 
given by Kelley," Latimer,” and the National Bureau 
of Standards Tables and the heat of formation of CN 
determined by Brewer, Templeton, and Jenkins,‘ we 
have calculated equilibrium temperatures for certain 
cyanogen-oxygen mixtures. The main uncertainty in 
this calculation is the value of Dye, the dissociation 
energy of nitrogen, since there is no conclusive evidence 
in favor of either of the two values usually accepted, 


7.38 ev and 9.76 ev. 


An account of the past controversy over the correct 
value of De is given by Gaydon.!* It is sufficient to 
say here that the spectroscopic evidence is not con- 
clusive, though of late it has tended to favor the higher 
value of 9.76 ev. Our calculations indicate that there is 
a significant difference between the expected maximum 
temperatures of a stoichiometric C2N2—Oz mixture de- 
pending upon which value is used for the heat of dis- 
sociation of nitrogen. If the flame is not of stoichio- 
ee 

A. G. Gaydon and H. G. Wolfhard (unpublished). 

"K. K. Kelley, U. S. Bur. Mines Bull. 476 (1949). 


iW. Latimer, U. S. AEC Report MDDC-1462 (1947). 
* National Bureau of Standards Selected Values of Chemical 


hermodynamic Properties (1950). 
(1951 


ss _ Templeton, and Jenkins, J. Am. Chem. Soc. 73, 1462 


‘A. G. Gaydon, Dissociation Energies (Chapman and Hall, 


London, 1947). 


metric composition going to CO and N: products or if 
it is diluted by use of some air instead of pure oxygen, 
the temperature is reduced, which causes a great re- 
duction in the extent of dissociation of Nz and greatly 
decreases the difference between the two calculated 
temperatures. 

Assuming the higher heat of dissociation of Ne, we 
calculate the following compositions in a completely 
combusted flame formed from an equimolal mixture of 
C2N2 and O2 which will attain a temperature of 
4850°+30°K. 


Neo=0.32 atmos, CO=0.66 atmos, CN=0.35 to 
0.74 10 atmos, 


C=0.355 to 0.255 10- atmos, N=0.012 atmos, 


O=0.69 to 0.96 10 atmos, NO=3X10~ atmos, 
and C.=10~* atmos. 


There are also small amounts of CO2 and C2N> present. 
The ranges in the compositions given and the uncer- 
tainty of 30°K in the maximum temperature are due 
primarily to the uncertainty of +6 kcal in the heat of 
formation of CN as given by Brewer, Templeton, and 
Jenkins.” 

Calculations with nonstoichiometric mixtures show 
that the temperature falls off more rapidly an the rich 
than on the lean side. A mixture with 11 percent excess 
O» has a calculated temperature of 4500+10°K while 
7 percent C2N2 brought the temperature down to 4500 
+50°K. If one uses the lower heat of dissociation of 
7.38 ev for Dye in the calculations, the maximum 
temperature for the stoichiometric mixture is only 
4325°K. This difference of 525°K was considered large 
enough to be detected with certainty. 

However, several difficulties had to be overcome 
before any temperature measurement of the flame at 
equilibrium was possible. First the temperatures in- 
volved were too high for any background source avail- 
able to us, which ruled out the use of the line-reversal 
method. We have since learned that xenon arcs under 
pressure can give background temperatures of 5500°K, 
but at the time we had only a carbon arc available. 
Alse we had to deal with the problem of heat loss from 
the flame and the demonstration of the existence of a 
region in thermal equilibrium in the flame. 

It was finally decided to use a method of measuring 
the vibrational temperature of the CN molecule, origi- 
nally developed by Ornstein and Brinkman" and applied 
to the measurement of CN equilibrium temperatures 
in a King furnace by Brewer, Templeton, and Jenkins." 
The later workers found very good agreement between 
the temperatures obtained by this method and those 
obtained by the optical pyrometer and this led us to 
try the method. The thermochemical data indicated a 
fair concentration of CN in the flame, and it seemed 


167. S. Ornstein and H. Brinkman, Proc. Acad. Sci. (Amster- 
dam) 34, 33 (1931). 
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likely that the intensity of the CN violet system would 
be measurable in the completely combusted gases. 

The heat loss problem seemed serious to us because 
of the low rotational temperature obtained for CN in 
the small flame used previously. We decided to over- 
come it by using a burner of the type described later. 
A C2Ne—O2 mixture was fed up a central tube, and 
burned above a small group of holes of 1/50-in. di- 
ameter. The small hole size was necessary to prevent 
flashback. When desired, an oxyhydrogen mixture could 
be burned at the outer ring of the holes, forming a hot 
sheath around the central flame. The whole burner was 
made of copper, on account of the high thermal con- 
ductivity of this metal. 

We used the Zeiss Q.24 medium-quartz spectrograph 
for the work, with the rotating-step-sector and a tung- 
sten strip lamp for plate calibration. Ilford Zenith plates 
were used. We focused a region of the flame several 
millimeters above the reaction zone on the slit, and 
tested the effect of variation of the distance above the 
reaction zone. 

Of the two strongest CN sequences, the (0, 1) was 
well developed in the richer flames, and could be pho- 
tometered fairly satisfactorily. In leaner mixtures only 
the (0,0) was strong enough for adequate meas- 
urements. 

In practice, it was possible to photometer the first 
five heads of the (0, 1) sequence, and the first four of 
the (0,0). The peak intensity of each band head was 
measured and from this was subtracted the background 
intensity just in front of the head. The method of 
calculating the temperatures from intensity measure- 
ments is given in some detail by Ornstein and Brink- 
man! and will not be discussed here. Ornstein and 
Brinkman’s work has been criticized by Lochte- 
Holtgreven and Maecker" who found evidence of error 
because of reversal and self-absorption effects. How- 
ever, these effects are only prominent for transitions 
involving levels of the ground state which have very 
little excitation. Since the rotational levels which con- 
tribute appreciably to the band head peaks in the CN 
violet system have high K rotational quantum numbers, 
and since most of the transitions used in this work in- 
volved states other than the zero vibrational state of 
the ground state of CN, it is not believed that the por- 
tion of Ornstein and Brinkman’s data that was used 
in our calculations is in error caused by these effects. 
Other possible sources of error are because of over- 
lapping of the band heads and change of the spacing of 
rotational lines as one goes from one band head to 
another. Part of these errors cancel out when one uses 
Brinkman and Ornstein’s data in the same way that 
they did in their calculations. Possibility of errors be- 
cause of overlapping was carefully considered by making 
a careful survey of all the spectroscopic data available 
for the CN states and calculating the positions of all 


( 037). Lochte-Holtgreven and H. Maecker, Z. Physik 105, 1 
1937). 
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lines of interest and calculating their contribution to the 
measured band head peak intensities. These considera. 
tions are too extensive to consider in a journal publica. 
tion, but they will be written up in detail as a private 
publication by one of us (L.B.). The final result of 
these considerations was that the method of Ornstein 
and Brinkman should give satisfactory temperature 
determinations using the CN violet system. 

Our first experiments were intended to give some 
idea of the probable heat loss due to conduction, con- 
vection, and entrainment of air. We obtained tempera- 
ture measurements from flames with and without a 
hydrogen-oxygen sheath, and soon found that heat 
loss was almost inappreciable, since the temperature 
differences recorded were within the experimental error 
of +200°K. Thus it did not seem that the heat loss was 
as serious as we had originally suspected. 

During this preliminary work we reached tempera- 
tures of 4200°K with rich flames. By oxygenating the 
mixture we obtained consistent values of 4800°K 
+200°K for approximately stoichiometric flames, and 
a temperature drop to 4200°K with lean mixtures. 

With these leaner mixtures we had some difficulty in 
bringing up the (0, 1) band strongly enough for satis- 
factory measurement, and relied mainly on the (0, 0). 
However, for certain spectra we were able to measure 
both (0,0) and (0,1) bands, and found satisfactory 
agreement between the temperatures obtained from 
measurements on both bands. 

The main difficulty was caused by a continuum which 
interfered with photometric measurements, especially 
of the (0, 1) band. As the use of a hydrogen “sheath” 
cleared up the background very markedly, we are in- 
clined to attribute it to the CO+O reaction, giving a 
continuum as in the carbon monoxide flame. This view 
was supported by the fact that the continuum was 
strongest in lean mixtures. We checked this idea by 
surrounding the C2N2—O>z flame with a nitrogen sheath, 
which would presumably cut down the CO+-0O reaction 
by reducing accessibility of the hot CO to atmospheric 
oxygen. As anticipated, the background density was 
considerably reduced, though not to the same extent 
as by a hydrogen sheath. 

We measured the vibrational temperature at various 
distances above the reaction zone. It was found that 
the CN temperature was low immediately above the 
zone, a value of 3150°K+200°K being obtained. It 
reached equilibrium at 1.5-2 mm above the zone, in 
our flame. This result confirmed the earlier work on 
low rotational temperatures for CN in the reaction zont 
of our small flames, and showed why we had been it- 
clined to overestimate the possible effects of heat loss. 
About 1/1000 sec is required for the gases to travel $ 
mm above the reaction zone which should allow about 
10° collisions. At high temperatures and for a reactive 
molecule like CN, considerably less than 1000 collisions 
should be required for equipartition among vibrational 
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levels and equilibrium between vibration and trans- 
lation. 

The fact that a constant temperature was obtained 
in the mantle which was independent of the distance 


above the reaction zone demonstrates that a steady- - 


state condition is being maintained by the various 
collision and radiation processes. Because of the low 
temperatures of most flames, it is not possible to get 
emission from the mantle of the flame, and emission 
from the reaction zone, which is definitely not at equi- 
librium, must be studied. However, in this very hot 
fame ample emission can be obtained from the mantle 
where thermal equilibrium might be expected. A pos- 
sible source of error which we considered carefully is 
the lack of radiative equilibrium. In a closed container, 
equilibrium is reached with respect to all processes, 
radiative and collision. In a flame collision processes 
may take place to maintain equilibrium, and emission 
of radiation takes place; but the corresponding absorp- 
tion of light that one has in a closed system does not 
take place in a transparent flame. Thus the actual con- 
centrations of excited states of a molecule can be ex- 
pected to be reduced compared to the equilibrium con- 
centrations if the emission precesses are rapid compared 
to collision processes. For Na in an atmosphere of Ne 
at 2000°K, Gaydon and Wolfhard'* have shown that 
radiation losses in a flame reduce the population by 
only 2 percent, equivalent to 3° in temperature. It so 
happens that in the case of CN, the half-lives of the 
various vibrational levels of the CN excited state are 
very closely the same as shown by the data of Ornstein 
and Brinkman.’ Thus the relative populations which 
are important for temperature determinations should 
not be changed, even if collisions do not re-establish 
the equilibrium populations. However for a reactive 
molecule like CN, one might expect the collision proc- 
esses to retain control of the distribution of various 
states even with a very short radiative lifetime. Thus 
we have concluded that no appreciable error in our 
temperature measurements results from this source of 
error. This is confirmed by the work of Brewer, Temple- 
ton, and Jenkins" who used the method of Ornstein 
and Brinkman in a King Furnace system that was in 
radiative equilibrium. This point will be discussed in 
more detail in the private publication previously re- 
ferred to. 

Summarizing, we have measured a temperature of 
48004: 200°K in stoichiometric C2N2—Oz flames. Since 
the maximum temperature that can be attained if Dye 
8 7.38 ev is only 4325°K and a temperature of 4850°K 
's to be expected if Do is 9.76 ev, the other value al- 
lowed by spectroscopic data, the heat of dissociation 
of Ny has been fixed as 9.76 ev. This together with the 
heat of formation of CN determined by Brewer, 
Templeton, and Jenkins® fixes Don as 8.2+0.2 ev. 


2 


"A.C. Gaydon and H. G. Wolfhard, Proc. Phys. Soc. (London 
(to be published), ; einai 
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Schmid, Gerd, and Zemplen’® have previously given 
Den as 7.5+0.1 ev, but as Brewer, Templeton, and 
Jenkins® have pointed out, there is enough uncertainty 
in their extrapolation to allow a value of 8.2 ev from 
their data. The intermediate value of Dne=8.57 ev 
which has also been proposed which would be in agree- 
ment with Schmid, Geré, and Zemplen’s value of Den 
is apparently now excluded by new spectroscopic data.”° 
The other related dissociation energies such as Dyo 
= 6.49 ev, etc., which are now fixed by the determina- 
tion of Dn are summarized by Gaydon." 


DISCUSSION 


In the introduction it was remarked that the cyano- 
gen flame is interesting both to the thermochemist 
and the combustion physicist. We shall now discuss 
some of the results obtained. 

Our temperature measurements on the C2N2—O, 
flame provide the first thermochemical estimate of the 
value of D(N:2). As seen above, they support the value 
of 9.76 ev since a temperature corresponding to the 
lower value of D(N:) lies well outside the possibility of 
experimental error. . 

The combusion characteristics of the cyanogen flame 
present an interesting contrast to those of hydrocarbon 
flames. The almost complete absence of carbon forma- 
tion, the similarity between the C2N2—Oz pre-mixed 
flame and the corresponding diffusion flame, and the 
contrast between C2N2—Oz flames and C.N:>-air flames, 
are particularly striking. 

The key to the difference may lie in the fact that 
C.N2 is an extremely stable compound, as compared 
with hydrocarbons. In the hydrocarbon diffusion flame 
Wolfhard and Parker” have shown that the hydro- 
carbon is heated to temperatures approaching 1000°C 
before it comes into contact with oxygen. As a result 
extensive pyrolysis occurs, and a great deal of carbon 
is formed. Owing to the thermal stability of cyanogen, 
no thermal “cracking” or polymerization occurs till the 
mixing with the oxygen has been carried out to an 
appreciable extent, when the reaction proceeds as in a 
pre-mixed flame. 

The absence of carbon formation also illustrates the 
relative inability of cyanogen to react thermally in the 
same way as hydrocarbons. Carbon formation only 
occurs in the top of very large, hot, rich flames, ap- 
parently after a high temperature reaction lasting 0.1 
sec. 

The striking difference between cyanogen-air and 
cyanogen-oxygen flames may indicate that the nitrogen 
in air inhibits the reaction leading to the C2 formation 
and the bright, high temperature flame. It may be re- 


19 Schmid, Gerd, and Zemplen, Proc. Phys. Soc. (London) 50, 
283 (1938). 

20 Private communication from G. Herzberg, 1950. ~ 

21H. G. Wolfhard and W. G. Parker, Proc. Phys. Soc. (London) 
62, 722 (1949). 
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membered that Arthur” has found that certain inert 
gases appeared to inhibit carbon formation, and it is 
possible that some analogous process is occurring here. 

The curious effect of hydrogen on the C2Ne—F» 
flame, mentioned previously, is perhaps analogous to a 
similar effect noted by R. A. Durie” in certain organic 
halide-fluorine flames. He found that a small addition 
of hydrogen resulted in heavy carbon formation in these 
cases. 

The process by which C, is formed in the hot 
C2N2—Oz flames may not be entirely different from 
that by which this radical is formed in hydrocarbon 
flames. The rotational temperature of C2 in the cyano- 
gen-oxygen flame is approximately the same as that 
found by Gaydon and Wolfhard® in acetylene-oxygen 
flames. 

The strong NO system in the reaction zone and its 
rather high rotational temperature suggests a possi- 
bility that NO may be formed in the reaction zone by 
a direct “stripping” of nitrogen from C2Ne, because of 
a reaction with oxygen, and that some excited C2 may 
be among the products of such a reaction. Presumably 


2 J. R. Arthur, Nature 165, 557 (1950). 
*%3R. A. Durie (unpublished). 


water, SO; and atmospheric nitrogen are all able to 
inhibit this reaction or group of reactions. But it 
should be stressed that the foregoing suggestions are 
tentative. 

The presence of abnormal excitation of Fe lines js 
not surprising in a hot flame with strong C2 emission. 
It has been suggested elsewhere that this may be be- 
cause of direct reaction of C2 with oxygen. 

The unidentified system obtained in the chilled flame 
could, by analogy with HCO in hydrocarbon chilled 
flames, be identified by CNO, but this suggestion, also, 
is very tentative. 

The CN radicals do not apparently participate in 
the reaction sequence which gives rise to C2 and NO, 
for, as stated, they have abnormally low temperatures 
in the reaction zone. It seems quite probable that the 
rather feeble cyanogen-air flames are due to an oxida- 
tion reaction proceeding via CN. 

In conclusion, we may say that cyanogen, being a 
relatively stable molecule, is much less reactive than 
hydrocarbons but, under suitable conditions, can react 
vigorously with oxygen. This reaction, when it occurs, 
may proceed by a path not altogether unlike that in 
hydrocarbon-oxygen flames. 
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Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 


(Received November 16, 1951) 


The vibration-rotation band »,;+ 2+»; in the heavy water vapor (D,O) spectrum has been remeasured. 
An analysis of the rotational structure has been carried out. From the interpretation of the data the value 
of the band center has been determined as well as the values of the reciprocals of inertia effective in this 
vibration state. The frequency v1+v2+v;3 is found to be 6533.4 cm™. The effective reciprocals of inertia 
are A(V)=15.70 cm, B(V)=7.19 cm™, and C(V) =4.69 cm™. 





I, INTRODUCTION by Bonner' from the observed frequencies and from the 
dimensions for the molecule given by Mecke.® By using 
this information, Bonner has predicted the fundamental 
vibration frequencies of D,O. More recently, Darling 
and Dennison,’ by using more complete data, have 
evaluated the normal frequencies of H,O and D.O 
together with values for the vibrational constants of the 
molecules. Subsequent measurements corroborate es- 
sentially the values given by them. 

The combination band »;+ 2+»; of DO has been 
measured by Norris, Unger, and Holmquist.* Their 
resolution was not good enough to enable them to make 
any analysis of the rotational structure. 


HE far infrared spectrum of heavy water vapor 
(D.O) corresponding to transitions between the 
rotational energy levels only, has been measured by 
Fuson, Randall, and Dennison! and term values have 
been assigned. Two of the fundamental vibration-rota- 
tion bands, v2 and v3, have been measured by Dickey 
and Nielsen?.and term values have been assigned. The 
third fundamental vibration band, v1, has been observed 
by Bender* as a Raman line. The combination band 
v+v3 has been measured by Innes, Cross, and Giguére* 
and values for the effective reciprocals of inertia have 
been given. They have also reworked the data for v2 
and vz and have given a better set of values for the Il. EXPERIMENTAL 


eflective reciprocals of inertia. The band »;+72+7; of D,O was examined with a 
The potential constants of H,O have won evaluated prism grating, automatic recording spectrometer. A 
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Fic. 1. The heavy water vapor band »,+ 2+ 3 at 6533.4 cm™. 


‘Fuson, Randall, and Dennison, Phys. Rev. 56, 982 (1939). 

ae : Dickey and H. H. Nielsen, Phys. Rev. 73, 1164 (1948). 

D. Bender, Phys. Rev. 47, 252 (1935). 

_innes, Cross, and Giguere, J. Chem. Phys. 19, 1086 (1951). 
.G, Bonner, Phys. Rev. 46, 458 (1934). 

Rr Mecke, Z. Physik 81, 313 ’(1933). 

,3.T. Darling and D. M. Dennison, Phys. Rev. 55, 128 (1940). 

* Norris, Unger, and Holmquist, Phys. Rev. 49, 272 (1936). 
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wey > Frequency poneaes and identifications of at the rate of 1080 cps. The absorption cell which held 
wants dibassenntate tenlnmanetaatll taht the D.O contained mirrors arranged so that the energy 

ar Sie iidadlaiadl traversed the cell four times giving a path length of 160 
No. (cm-!)_‘ Transition No. (cm“!) Transition © cm. A small reservoir of liquid D,O was connected to 
6682.4 6531.0 19-1, the evacuated cell. The reservoir was heated until all 

6668.0 6529.5 the D,O evaporated into the cell. The cell was heated 


—s ae to about 95°C to keep the D.O in the vapor state. Thin 
6655.4 6521.3 Oo -11 glass windows were used on the cell. 


6652.4 6517.5 32-34 The sample of D,O used was obtained from Norsk 


ais a. fe Hydro-Elektrisk Kvaelstofaktieselkab and contained 
6644.8 6507.2 11 -2o 99.75 g per 100 g DO. 
6641.5 4-s-4 The grating used for the measurement was a replica 


6640.5 6503.5 ‘ ‘ 
6636.2 6501.9 made by the Perkin-Elmer Corporation. It was ruled 


6632.7 6500.6 2_1-3_2 with 15,000 lines per inch. The grating constant was ob- 


ooged 686.5 yg tained by observing lines of the mercury spectrum in 
6625.0 6496.1 2, -3 high orders. The positions of the lines in wave numbers 


6623.2 6495.2 were reduced to their values in vacuum. 


621. : -3_ : : . 
one pop -” ew The vibration-rotation band v;+ 2+ 3 was observed 


6617.9 6487.5 3.344 in the region from 6370 cm™ to 6670 cm with the 


6016.8 6486.6 = 32-41 effective slit width of the spectrometer set to 0.64 cm™. 


6614.9 33 -4 
6612.2 6486.1 ° : The results of the measurements may be seen by refer- 


6609.5 6482.1 ring to Fig. 1. The numbers appearing over the various 


poly ==> ee lines are arbitrary numbers assigned to them. These 
6601.9 6478.0 numbers are useful in quickly picking out any one line. 


6598.4 = 5_ Frequencies in wave numbers, corrected to vacuum, 


aes 6476.9 for the lines are given in Table I. 


6591.5 ‘ 
6587.4 6474.1 Ill. ANALYSIS OF THE DATA 


6585.0 











6468.0 The identification of lines measured in the band was 
made by following the method used by Nielsen®”? in 
identifying the lines in the spectrum of water vapor, 
6462.0 except that since the effect of the centrifugal stretching 


ne coefficients in the D,O spectrum is 1/16 that of their 


6453.9 effect on the H,O spectrum, the energy formula due 


6450.2 11 

6446.0 Wang 

6430.6 FU) =H(B+C)IT+1)+[A-H(B+O)W, 
6436.2 ; 
6434.9 and the algebraic equations for W, as given by Nielsen” 


6431.0 were used rather than the more complete equations 


og given by Nielsen® which take into account the effect 


6426.1 of centrifugal stretching. 

aaa The procedure used in carrying out the analysis was 
6418.6 as follows. By trial and error some transitions involving 
6412.2 low values of J were assigned. Then, term values for 


os the levels J=0, J=1, and J=2 were determined tenta- 
6402.8 tively. By using the sum rules for the asymmetric top 


6399.8 as given by Mecke,® values for the reciprocals of inertia 


aoe A(V), B(V), and C(V) were found. These were used to 


2 6387.4 calculate the parameter b from the equation 

6534.8 6380.6 

6379.1 ~ -" 

6534.4 6375.0 b=C—B/2[A—}(B+C) ] | 
roo 6573.6 The parameter }, in turn, was used in the algebraic 


6531.6 
equations for W, to find W, for higher J values. The 


6466.3 











tungsten filament was used for the energy source. A a : —, . en = rae 
: y 2 sen, s. Rev. 62, ; 
lead sulfide cell was used for the detector. An ac ampli- us '¢C. an p Tagg Ba 34, 243 (1929). 


fying system was used, and the radiation was chopped 2 H. H. Nielsen, Phys. Rev. 38, 1432 (1931). 
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W, were then used in Wang’s equation to determine 
the rotational term values F(/J,) for higher J values. 

In making the transition assignments for low J,, 
it was helpful to compare the »;+ 72+ 73 spectrum with 
the v3 spectrum given by Dickey and Nielsen.” A defi- 
nite similarity in the central portion of the two spectra 
was found. 

As a further aid in identifying the lines of the spec- 
trum, the relative intensities of the lines have been 
calculated by using the line strengths given by Cross, 
Hanier, and King." That is, 


DD LI (br04)I"7"M"; J'7'M" |?, 


XYZ M’'’ M’ 


where ¢rg4 represents the direction cosine element 
of the asymmetric rotator, and XYZ are the space fixed 
Cartesian coordinates. Their values of line strengths 
are tabulated for various values of a parameter of 
asymmetry. That is, 


K=(2B—A—C)/(A-C). 


The values used were those tabulated for K=—0O.5, 
since the value of this parameter for the normal state is 
—0.54 and for the state v;+ 72+; is —0.55. 

Term values determined in this manner for the band 
y+ve+v3 are tabulated through J=5 in Table II. 
The identification of the lines is given in the third 
column of Table I. 

By using the formula 


W/he= Doin +3)+>d Y Xin(ni+4)(m+4), 


i=k 


and the constants w; and X,, given for DO by Darling 
and Dennison,’ the band center of the band »;+2+ 9; 


TABLE II. Vibration-rotation term values for the state 


vitvet+v3. 








vitvetys 


6533.4 cm™ 
6556.3 
6553.8 
6545.3 
6608.3 
6608.2 
6582.6 
6575.1 
6568.5 
6692.5 
6692.4 
6646.3 
6643.8 
6622.1 2 
6606.4 S-5 


vitvet+ys 


6602.2 
6808.8 
6808.8 
6741.6 
6741.3 
6696.9 
6691.4 
6673.6 
6648.2 
6645.5 
6762.5 
6749.8 
6736.7 
6700.5 
6698.1 














"Cross, Hanier, and King, J. Chem. Phys. 12, 210 (1944). 


TABLE III. Values of A(V), B(V), C(V), Za, Ip, Ic, and A. 








Calculated Observed 


A(V) 15.77 cm™ 15.70 cm™ 
B(V) 7.20 7.19 
C(V) 4.68 4.69 





Ta 1.774 10-* g cm? 
Iz 3.886 X 10~*° 
Ic 5.974X 10~* 


A 0.311 10~* 


1.782 10- g cm? 
3.891 < 10-9 
5.966 X 10-# 


0.293 x 10-*° 








was calculated to be 6529.6 cm™. Experimentally, it 
was found to be 6533.4 cm. 

In calculating the values of the reciprocals of inertia 
A(V), B(V), and C(V), extra weight has been given to 
the term values for lower J, since the effect of the cen- 
trifugal stretching coefficients is less for these terms. 
The values which are then obtained are given in Table 
III. In the same table are stated the values of the corre- 
sponding effective moments of inertia. 

Darling and Dennison have shown that the quantity 
A=Ic¢—Ia—TIzg is one which, for a planar molecule, 
is independent of the coefficients of the anharmonic 
part of the potential energy. Its value may therefore 
be computed from a knowledge of the normal fre- 
quencies of the molecule and the shape of the molecule. 
The value of A for the state v:+ 2+; computed with 
the aid of the relation of Darling and Dennison is given 
in Table III, together with the experimentally deter- 
mined value. 

The effective reciprocals of inertia may be given by, 


A(V)=4.-> a:4(Vit3) 


i=1 


3 
B(V)= B.—-d a? (Vit) 
i=l 


3 
C(V)=C.—-L ai°(Vi+3). 
i=] 


Since there is experimental data for the states (0, 0, 0), 
(0, 1, 0), (0, 0, 1), and (1, 0, 1), it is possible to calculate 
values for the a;4, a;®, and a;°. These values have been 
determined by using the values for the effective recipro- 
cals of inertia given by Innes, Cross, and Giguére and 
Fuson, Randall, and Dennison. Once the a,4, a,;”, and 
a;° are known, the values for the effective reciprocals of 
inertia for the state (1, 1, 1) may be calculated. This has 
been done, and a comparison of the calculated values 
with the experimentally determined values may be 
seen in Table ITI. 
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The Infrared Spectrum of Nitrosyl Fluoride.* 
Part I. Prism Spectrum 


P. J. H. Wortz, E. A. Jones,f anp A. H. NieEtsEnt 
K-25 Laboratories, Carbide and Carbon Chemicals Company, Oak Ridge, Tennessee 


(Received September 25, 1951) 


The prism spectrum of NOF is reported from 2-384. Twelve absorption bands were observed and identified 
in terms of the fundamental frequencies »;(N—O) = 1844.03 cm™, v2 (bending) = 521 cm™, »,(N—F) = 765.85 
cm, Comparison with the companion molecules NOC] and NOBr is made. 





ITROSYL fluoride, like nitrosyl chloride and 
bromide, is assumed to be a nonlinear unsym- 
metric triatomic molecule with the nitrogen at the apex 
of a comparatively flat triangle. The infrared spectra of 


the latter two molecules have been previously investi- 
gated by Bailey and Cassie! who reported the band 
positions and gave frequency assignments. Recently, 
Burns and Bernstein® reinvestigated the infrared spec- 
trum of NOBr and listed the fundamental frequencies. 
For both molecules they computed a set of force con- 
stants from their data. Their experimental results were 
confirmed recently by Wise and Elmer.* 

In an attempt to complete the infrared vibration 
spectra on this group of molecules, a study of NOF was 


TABLE I. Table of frequencies for NOF, NOCI*, and NOBr’. 








NOF 


Observed Calculated 
cm~ cm7! 


NOCI NOBr 
Observed Observed 
em! cm7! 


Intensity® Assignment> 





332 
592 
1799 
664 
923 
1184 
1207 
1248 


265 
542 
1801 


521 see vs 

765.85° tee Vs 

1844.03° ee vs 
1037 1042 
1296 1287 
tee 1532 
1323 
1808 
2365 
2610 
3131 
3688 


v2 (bending) 
v3(N—X) 

vy (N— O) 
2ve2 

votv3 

2v3 

V1— v2 
2v2+v3 
vite 2131 
vyitys 2395 
vitvetys dob 
2r; 3568 
4208 2vi+v3 4160 
4455 2vi+v2 3898 
5532 y 3y) 5303 


807 


2066 
2340 
3567 
4103 


3831 
5303 


2365 
2612 
3087 
3652 
4174 
4441 
5417 








® vs =very strong, m =medium, w =weak. 

b The frequency designations for v2 and »3 as given by Burns and Bernstein 
have been reversed in this paper to conform with the usual notation that 
v2 is the bending frequency. Otherwise their assignment and the present one 
are identical. 


* This document is based on work performed for the AEC by 
Carbide and Carbon Chemicals Company, at Oak Ridge, Tennes- 
see. The subject of this paper was included in a report on Fluorine 
Compounds given at the Columbus Symposium, June, 1951. 

{ Physics Department, Vanderbilt University, Nashville, Ten- 
nessee. A paper on the force constants and thermodynamic 
properties is in preparation and will soon appear in this journal. 

t Physics Department, University of Tennessee, Knoxville, 
Tennessee. 

1C. R. Bailey and A. B. D. Cassie, Proc. Roy. Soc. (London) 
145, 336 (1934). 

2W. G. Burns and H. J. Bernstein, Columbus Symposium on 
Molecular Structure, June, 1950; W. G. Burns and H. J. Bernstein, 
J. Chem. Phys. 18, 1669 (1950). 

3 J. H. Wise and J. T. Elmer, J. Chem. Phys. 18, 1411 (1950). 


undertaken by Jones and Woltz, then of K-25 Labo. 
ratories, who published a list* of infrared frequencies and 
their assignments. Recently, Magnuson,® working at the 
University of Tennessee and the K-25 Laboratories, has 
resolved two of the fundamentals of NOF and observed 
its microwave spectrum. A full report of the grating 
measurements, band analysis, and molecular constants 
is given in Part II.® 

The present paper is a report on the completed prism 
work on NOF observed through the spectral interval 
2-38u. A figure showing the spectrum and a table of the 
NOF frequencies compared with those of NOC] and 
NOBr are given. 


EXPERIMENTAL DETAILS 


The prism measurements on NOF were made with 
Perkin-Elmer spectrometers, models 12C and 121, 
equipped with LiF, NaCl, KBr, and KRS-S prisms. The 
rocksalt prism was permanently mounted in the model 
21 spectrometer. The NOF gas was prepared by Faloon 
and Kenna’ of the K-25 Physics Department. For this 
experiment, the gas was contained in 10-cm fluorothene’ 
absorption cells closed with CaF:, AgCl, and KRS- 
windows for the respective regions. Pressures of the gas 
in the cells ranged from less than 0.25 in. Hg for the very 
intense bands to 1 atmos for the weak bands. Windows 
of NaCl and KBr were completely unsuitable because 
they were attacked either by the NOF itself or by some 
unknown impurities which were present in smal 
amounts in all samples. Windows of CaF2, Ag(l, and 
KRS-5 were not attacked seriously or rapidly and could 
generally be used throughout their useful wavelengtt 
intervals long enough to make the necessary records. 

It was not possible to purify completely the NOF by 
distillation. Traces of one or more unidentified com 
pounds were present which varied in amount from 
sample to sample. It was never demonstrated whethet 
it was the NOF or the impurities present which attackel 
the windows and gave window bands. Sufficient distilla- 
tions were made from a number of samples so thal 





























4E. A. Jones and P. J. H. Woltz, J. Chem. Phys. 18, 1516 (1950) 

5D. W. Magnuson, Phys. Rev. 83, 185 (A) (1951). 

6D. W. Magnuson, J. Chem. Phys. 20, 380 (1952). 7 
' 7A. V. Faloon and W. B. Kenna, J. Am. Chem. Soc. 73, 2! 
1951). " 
8 J. S. Kirby-Smith and E. A. Jones, J. Opt. Soc. Am. 39, 18) 
1951). 
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Fic. 1. The infrared prism spectrum of nitrosyl fluoride from 2-38. 


ilthough the impurities were never entirely eliminated, 
lo spurious bands are included in Table I. 


RESULTS AND DISCUSSION 


Figure 1 shows the complete infrared prism spectrum 
tom 2-384; twelve bands were observed of which three 
vere very intense. These three intense bands were as- 
sgned as the fundamentals ».=521 cm™ (bending), 
n=765.85 (N—F), and v;= 1844.03 (N—O). The fre- 
quency values given for v3 and v; were taken from the 
tillowing paper by Magnuson® because the grating 
values were more precise than the prism data. Because 
the geometry of the nonlinear XYZ molecule possesses 
N0 symmetry, except a symmetry plane, all the normal 
nodes are hybrid and have components of the oscillating 
tipole moment along the least and intermediate axes of 
inertia. Magnuson®®*® has shown from his grating, 
uctowave, and dipole moment experiments that the 
molecule is very nearly a prolate symmetrical-top 
tator with the least axis lying generally. in the direc- 
lon of the O—F bond. All the fundamental bands, 


tefore, have essentially the same appearance, PQR- 
ee 


'D. W. Magnuson, J. Chem. Phys. (to be published). 


type structure, prominent and sharp Q-branch, and a 
PR spacing of about 32 cm~. Because of the lack of Cz 
symmetry, the normal modes do not have the same 
general form as in H,O, HS, etc., but the frequency 
usually denoted as 7; is essentially an oscillation of the 
N—O bond,’ and the one designated »; is essentially the 
oscillation of the F—N bond. This is in agreement with 
observations in NOC] and NOBr’. 

All the other intense vibration-rotation bands ob- 
served, with the exception of the one at 1290 cm™, 
exhibit the same type of PQR structure, as may be seen 
in Fig. 1. This characteristic helped to eliminate some 
impurity bands. The band at 1290 cm™ is heavily 
flanked on both its high and low frequency sides with 
intense impurity bands. Its structure was, therefore, 
never really determined. It is, however, believed that it 
belongs to the NOF system because of the way its 
intensity remained constant while the neighboring im- 
purity bands changed with various fractionations. For 
the much weaker bands at 4174, 4441, and 5417 cm™, 
the resolving power was not good enough actually to 


% P. C. Cross and J. H. Van Vleck, J. Chem. Phys. 1, 350 (1933). 
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resolve the Q branches from the envelope, but they are 
indicated. All the observed bands could be assigned 
reasonably in terms of the three fundamentals and these 
assignments are given in Table I. Also included in 
Table I for comparison are the fundamental and over- 
tone frequencies observed by Burns and Bernstein? for 
NOC] and NOBr. 

A band, reported in the original letter at 1511 cm“, 
has been shown to be an impurity and has been omitted 


AND NIELSEN 


from Table I; and the frequency 3635 cm™ has been 
corrected to 3652 cm™. 
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Analysis of the rotational structure of »; and v3 infrared bands of nitrosyl fluoride at 1844.03 and 765.85 
cm showed that this molecule is nearly a prolate symmetric top. The following rotational parameters based 
on symmetric-top theory were found and are expressed in cm™: for »,, 2B’ =0.7515, 2B’=0.7483, Dy'+D," 
=0.000027;; for v3, 2B’ =0.7521, 2B’=0.7503, Ds’+Dzs’’=0.00000236. The anharmonic term x33 was 
found to be — 1.06 cm= from v3. The anharmonic term x12 was found to be +1.03 cm™ from 7. 


INTRODUCTION 


HE infrared spectrum of NOF was first observed 

by Jones and Woltz.! All of the observed bands 

were assigned on the basis of the identification of the 
three most intense bands at 767, 521, and 1844 cm™ as 
the fundamentals 71, vz and v3, respectively. A complete 
report of this work is given in the preceding paper.’ 
From some estimates of the shape of the molecule it was 
suspected that the rotational structure should be ob- 
servable. It was, therefore, undertaken to complete the 
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Fic. 1. Grating record of »; for nitrosyl fluoride. 


* This document is based on work performed for the AEC by 
Carbide and Carbon Chemicals Company, at Oak Ridge, Ten- 
nessee. 

t The work reported herein is included in a doctoral thesis 
submitted to the University of Tennessee. 

( 2c) A. Jones and P. J. H. Woltz, J. Chem. Phys. 18, 1516 
1950). 
2 Woltz, Jones, and Nielsen, J. Chem. Phys. 20, 378 (1952). . 


study of this molecule by subjecting »; and »; to an 
examination for their rotational structure, using the 
high resolution grating spectrometer at the University 
of Tennessee.’ The search for the microwave spectrum 
also was undertaken to complete the structure determi- 
nation of this molecule. A preliminary report of the 
microwave spectrum* has been given, and a complete 
report on this phase of the work will be submitted for 
publication at an early date. 

» No references were found in the literature concerning 
the structure of NOF, so it was not possible to estimate 
accurately the moments of inertia and B values. The 
structures of NOBr and NOCI were known from elec- 
tron diffraction data,5 and the N—Br and N—Cl bond 
distances were found to be 0.30 and 0.32A larger than 
the Pauling covalent bond radii.* The calculations of 
the principal moments of inertia I,¢J,<J. for 
several variations of the preliminary model suggested 
by the other nitrosyl halides, indicated that J, is much 
smaller than J;. From the relation J,+/,=T, for planar 
molecules, it was noted that J,~J,, and hence NOF 1s 
nearly a prolate symmetric-top rotator. The spacing of 
the rotational lines was estimated on the basis of sym 
metric-top theory to be 0.7 to 0.8 cm™. 


3A preliminary report of this work, and the microwave spe 
trum, was presented at the Southeastern Section of the American 
Physical Society, April 5, 1951. D. W. Magnuson, Phys. Rev. 8, 
485(A) (1951). . 

4D. W. Magnuson, J. Chem. Phys. 19, 1071 (1951). 9 

6J. A. A. Ketelaar and K. J. Palmer, J. Am. Chem. Soc. 5, 
2629 (1937). sa 

¢L. Pauling, The Nature of the Chemical Bond (Cornell Unt 
versity Press, Ithaca, New York, 1949), p. 164. 
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Fic. 2. Grating record of v; for nitrosyl fluoride. 


It can be shown from the Slawsky and Dennison’ 
equation for the energy levels of a nonrigid symmetric- 
top rotator, 


B=BJ(J+1)+(A—B)K?—D J J+1) 
—DyxJ(J+1)K?—DgK*, 


that the observed lines for AJ=+1 and AK=0 can be 
represented by 


»= vot (B’+ B")m-+ (B’— B")m?—2(Ds'+Dy"mi. 


The Dyx terms and the Dy, difference terms are neg- 
lected. The primes refer to the upper vibrational state 
and the double primes refer to the ground state. For 
J=+1, m=+J’ and for AJ=—1, m=—J”. The 
energy difference of the two vibrational states is vo, the 
band center. 


EXPERIMENTAL RESULTS 
Apparatus 


The previously described® recording infrared grating 
spectrometer was used to resolve v; and v3 in NOF at 
1844 and 767 cm™, respectively. For »;, the gas at 
2cm Hg pressure was contained in a fluorothene cell 
10cm long which had CaF? windows sealed with a low- 
melting polymer of fluorothene. An R. W. Wood replica 
grating having 7200 lines/in. was used in the spectrom- 
eter. It was necessary to dry the air in the spectrometer 
to reduce the water vapor absorption by flowing dry 
nitrogen through the enclosure, and by means of trays 
of P.O; placed in the enclosure. For v3, the fluorothene 
cell had NaCl windows, and a replica grating having 
1800 lines/in. was used. A Golay pneumatic infrared 
detector® and amplifier, made by the Eppley Labora- 
tories, was used in conjunction with a Leeds and North- 
tup, Type G, Speedomax Recorder. Fiducial marks were 
made on the grating record at 1-minute arc intervals 
by means of an extra solenoid pen in the recorder. Exact 
grating angles for an absorption line, measured from the 
central image, were obtained by linear interpolation. 


Data and Calculations 


The grating records of v; and v3 are reproduced in 

Figs. 1 and 2. The water-vapor background also is 
shown with the grating record of »;. Because an in- 
Ls 


49 5 L. Slawsky and D. M. Dennison, J. Chem. Phys. 7, 509 


)A. HL Nielsen, J. Tenn. Acad. Sci. XXII, No. 4, 241 (1947). 
M. J. E. Golay, Rev. Sci. Instr. 20, 816 (1949). 


sufficient number of rotational lines were resolved in the 
R branch of »; and in the P branch of »3, the usual com- 
bination relations could not be applied to calculate 
rotational parameters. Instead, an equation of the form 
v=votam+bm?+ cm’ was fitted to the measured line 
frequencies by grouping the experimental data and 
solving for the equation constants. Figures 3 and 4 are 
plots of the line frequencies vs the index number m 
for v; and v3. From the curvature in Fig. 3, it was ob- 
vious that a cubic equation was necessary to fit the 
experimental data. The position of the band center, on 
which the m identification is based, was determined 
from the fact that the band center usually lies in the 
leading or sharp edge of the Q branch. The intervals 
between successive lines makes it unlikely that the band 
center could be displaced by one rotational line spacing. 
The experimental and calculated values for the line 
frequencies are given in Tables I and II for »; and 7s, 
respectively, to show that the derived curve fits the 
experimental data in all regions. From the coefficients 
of the fitted curves, the rotational parameters (in cm™) 
were determined. For »;, 2B’”=0.7515, 2B’=0.7483, 
(Dy’+ Ds") =0.000027;. For v3, 2B’=0.7521, 2B’ 
= 0.7503, (D z’+D,’’)=0.0000023. The band centers 
were: v;=1844.03 and »;=765.85. The microwave 
value of (B+-C)=0.7456 cm“ is to be compared to the 
2B” values.’ 

On the grating record of v; there is a secondary maxi- 
mum on thg low frequency side of the central Q branch 
which is suggestive of a Q branch of a higher vibrational 
transition, 73= 1-2. This would be coincident with the 
Q branch for 13=0<—1, except for the anharmonic terms 
in the potential. The vibrational energy levels including 
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Fic. 3. Plot of the line frequencies vs the line identification for ». 
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Fic. 4. Plot of the line frequencies vs the line identification for v3. 


anharmonic terms’ are given by the equation 
G(010203) = Lv t+3)+ DL xiv: +2) (0+2) 
for a nonlinear XYZ molecule. G, v; and x;; are in cm~. 


If it is assumed that the maximum is due to 23= 1<2, 
then the separation of the Q-branch peaks in 7; is 


AG= 2x33 = —2.12 cm, 


In »;, there is also an extra maximum on the high 
frequency side of the Q-branch which cannot be inter- 
preted on a similar basis because the Boltzmann factor 
for 113=1 is approximately 0.0001. It is also unlikely 
that these secondary maxima are isotope shifts, because 
the N'* and O'8 concentrations are 0.0038 and 0.0020, 
respectively. 


or 2X33= —1.06 cm. 


TABLE J. Line frequencies of »; for nitrosyl fluoride. 








Frequency cm~} 
Experimental 
1818.77 
1819.44 
1820.19 
1820.89 
1821.58 
1822.27 
1822.98 
1823.70 
1824.34 
1831.86 
1832.63 
1833.33 
1834.11 
1834.92 
1835.61 
1837.82 
1838.68 
1839.53 
1840.29 
1841.12 
1848.32 
1849.12 
1849.97 
1850.64 
1851.30 
1852.02 
1852.77 


Error 


+0.05 
+0.05 
—0.02 
—0.03 
—0.02 
—0.01 
—0.01 
—0.02 
+0.06 
—0.02 
—0.03 
+0.03 
+0.02 
—0.03 
+0.04 
+0.13 
+0.04 
—0.05 
—0.05 
—0.12 


Calculated 


1818.82 
1819.49 
1820.17 
1820.86 
1921.56 
1822.26 
1822.97 
1823.68 
1824.40 
1831.84 
1832.60 
1833.36 
1834.13 
1834.89 
1835.65 
1837.95 
1838.72 
1839.48 
1840.24 
1841.00 
1844.03 
1848.46 
1849.18 
1849.89 
1850.60 
1851.31 
1852.01 
1852.70 


Average deviation 
Probable error of single measurement 
Probable error 


Line 
P(34) 
P(33) 
P(32) 
P(31) 
P(30) 
P(29) 
P(28) 
P(27) 
P(26) 
P(16) 
P(15) 
P(14) 
P(13) 
P(12) 
P(i1) 
P(8) 
P(7) 
P(6) 
P(5) 
P(4) 
Band Center 





+0.14 
+0.06 
—0.08 
—0.04 
+0.01 
—0.01 
—0.07 


0.046 
0.040 
0.0076 








10G. Herzberg, The Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1944), 
p. 205. 


A possible explanation for the secondary maximum 
near the Q branch in » is that the peak is a Q-branch 
of the »5= 0-1 for m2.=1, i.e., G(1, 1, 0)—G(0, 1, 0) or 
[(v1+2)= 71]. The separation of the maximum fron 
the Q-branch of 7; is +2.03 cm-. On this identification, 
%12 is calculated to be x12.=+1.02 cm. The Boltzmann 
factor for the initial state is 0.075, and it does not pre- 
vent this type of transition from being observed. 


TaBLE II. Line frequencies of v; for nitrosyl fluoride. 








Frequency cm! 
Experimental 


758.33 
759.10 
759.84 
760.64 
761.33 
762.12 
762.77 


Calculated 


758.26 
759.02 
759.79 
760.55 
761.31 
762.07 
762.83 
765.85 
768.10 
768.84 
769.58 
770.33 
771.06 
771.80 
772.54 
773.27 
774.00 
774.73 
775.46 
776.18 
776.90 
777.62 
778.34 
779.06 
779.76 
781.90 
782.60 
783.30 
784.00 
784.70 
785.39 
786.08 
786.77 
787.46 
788.14 
788.82 
789.50 
790.17 
790.85 
791.52 
792.18 
792.85 
793.51 


Line m Error 


P(10) —10 
P(9) — 9 
P(8) — 
P(7) — 
P(6) — 
¥(5) _ 
P(A) — 
Band Center 

R(2) - 
R(3) 

R(4) 

R(5) 

R(6) 

R(7) 

R(8) 

R(Q) 

R(10) 
R(11) 
R(12) 
R(13) 
R(14) 
R(15) 
R(16) 
R(17) 
R(18) 
R(21) 
R(22) 
R(23) 
R(24) 
R(25) 
R(26) 
R(27) 
R(28) 
R(29) 
R(30) 
R(31) 
R(32) 
R(33) 
R(34) 
R(35) 
R(36) 
R(37) 
R(38) 





—(.07 
— 0.08 
—0.05 
—0.09 
—0.02 
—0.05 
+0.06 


e UIQ ~100 


768.00 
768.73 
769.49 
770.31 
771.08 


+ 


+0.10 
+0.11 
+0.09 
+0.02 
+0.02 
+0.08 
—().01 
—().03 
—0.07 
—().02 
—0.02 
+0.03 
+0.01 
+0.04 
+0.05 
+0.09 
— 0.04 
—0.13 


ttt et 
COOND Ui Ww 


776.89 
777.58 
778.29 
778.97 
779.80 
782.03 
782.58 +0.02 
783.35 —0.05 
784.00 0 
784.68 +0.02 
785.30 +0.09 
786.04 +0.04 
786.81 —0.04 
787.57 —0.11 
788.23 —0.09 
788.85 —0.03 
789.52 —0.02 
790.23 —0.06 
790.92 —0.07 
791.45 +0.07 
792.10 +0.08 
792.73 +0.12 
793.39 +0.12 


0.055 
0.047 
0.0072 


+18 
+19 
+22 
+23 
+24 
+25 
+26 
+27 
+28 
+29 
+30 
+31 
+32 
+33 
+34 
+35 
+36 
+37 
+38 
+39 


Average deviation 
Single measurement probable error 
Probable error 
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Error 


—0.07 
—0.08 
—0.05 
—0.09 
—0).02 
—0.05 
+().06 


+0.10 
+0.11 
+0.09 
+0.02 
+0.02 
+0.08 
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—0).03 
—0.07 
—0.02 
—0.02 
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+0.02 
—0.05 

0 
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—0.09 
—0.03 
—0.02 
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Those paramagnetic ions, such as Fe++*+, Mn*+, and Gd***, which are in S spectroscopic states; and 
those ions, such as Crt*+*+ and Cu**, which are effectively in S states through complete quenching of the 
orbital component, have been shown to produce reciprocal proton relaxation times proportional to the 
square of the magnetic moment. Those ions such as Co*+, Nd*+**, and Dy***, with strong spin-orbital 
coupling, have been shown to be, in equivalent concentration, about ten times /ess effective. 





INTRODUCTION 


T has been shown by Bloch, Hansen, and Packard! 

that paramagnetic solutes in water may act, in 
effect, like catalysts in diminishing the proton relaxa- 
tion time. Pure water shows a relaxation time of several 
seconds, while that in a dilute ferric chloride solution 
may be only a few milliseconds. Bloembergen, Purcell, 
and Pound? have derived the following formula for the 
relaxation time for protons in solutions containing 
paramagnetic ions: 


1/T=12m°y"qN p2/SkT®, (1) 


where 7, is the longitudinal relaxation time, y is the 
gyromagnetic ratio, V is the number of paramagnetic 
ions per cubic centimeter of solution, » is the magnetic 
moment of the paramagnetic ions, & is the Boltzmann 
constant, and T° is the temperature. In the present 
paper our principal concern is with the reciprocal 
proportionality between 7, and py’. 

This problem is of interest in connection with the 
use of nuclear induction to determine accessibility in 
heterogeneous catalysis. The problem is also of interest 
as it relates to the paramagnetic process in the ortho- 
para hydrogen conversion. It is well known that para- 
magnetic substances catalyze the spin isomerization of 
hydrogen. Farkas and Sachsse* have shown that for 
this conversion in solutions of rare earth ions the ve- 
locity constant (k) is approximately proportional to 
the square of the magnetic moment of the rare earth, 
lor equivalent concentrations. Actually the Farkas and 
Sachsse results showed that k/y? varies by about 3-fold 
in going from one end of the rare earth series to the 
other, but this drift has been thought to be due to the 
lanthanide contraction. Because of the parallelism 
between the ortho-para hydrogen conversion and the 
Proton relaxation experiment it was decided to dupli- 


‘ate, in part, the Farkas and Sachsse experiment but 
ee 

* This is the third paper from these laboratories on applications 
of nuclear induction to problems in catalysis. The second, by Sel- 
Wood and Schroyer, appeared in Disc. Faraday Soc. 8, 337 (1950). 
—— concerning this paper should be addressed to P. W. 


T This work was done under contract with the ONR. 

, Bloch, Hansen, and Packard, Phys. Rev. 70, 474 (1946). 

; Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948). 
A. Farkas and H. Sachsse, Z. physik. Chem. B23, 1, 19 (1933). 
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to compare 7? rather than k/y? for several rare earth 
solutions. 


EXPERIMENTAL 
The Nuclear Induction Apparatus 


The apparatus used was similar to that of Bloch and 
Hansen. It will be described briefly, except for a few 
new features. 

The sample to be studied is placed in a nearly homo- 
geneous field, Ho, of about 3500 gauss in the Z direction, 
and a 14-mc radiofrequency field of about one gauss in 
the X direction. At resonance the signal induced in a 
pick-up coil in the Y direction is amplified and pre- 
sented as a vertical displacement on a cathode-ray 
oscilloscope. The field in the Z direction is periodically 
swept through the resonance value by two coils having 
a few turns of wire fitted over the magnet poles to pro- 
duce the required modulation. The ac required for this 
modulation is obtained from a transformer with its 
primary winding connected to the 110-volt main. 

A variable frequency oscillator using a 6J5 and a 
6V6 tube produces the transverse radiofrequency field. 
Either a vacuum tube power supply or a dynamotor 
can be used to supply the power for the oscillator. In 
either case two VR90 tubes in series are used to regu- 
late the voltage. 

The pick-up coil of the tuned receiver circuit is wound 
on a polystyrene form which is placed in a transverse 
hole in the center of the transmitting coil. The entire 
coil assembly can be rotated about the axis of the 
transmitting coil in order to decouple the receiving coil 
from the modulation of Ho. In addition, the receiving 
coil form can be adjusted in position with respect to 
the transmitting coil in order to reduce mutual in- 
ductance to a minimum. The coil assembly is quite 
microphonic in that any sound vibrations vary the 
mutual inductance between transmitting and receiving 
coils. The coil assembly and entire magnet are mounted 
on shear type shock mountings to decrease transmission 
of the sound, and in addition, the entire apparatus is 
placed in a sub-basement soundproof room. 

The arrangement of the coil assembly between the 
magnet poles is a feature of the apparatus which is 
important for its applicability to various problems. The 
coils are mounted in such a way that a test tube con- 
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Fic. 1. Plot of M vs t. 


taining the sample under study may be inserted or re- 
moved without difficulty. The varying susceptibility 
for different samples and test tubes makes some minor 
readjustments necessary. 

The emf induced in the receiver is applied to a 
vacuum tube circuit consisting of an infinite impedance 
detector using a 6J5 tube and a preamplifier using a 
6SJ7 tube. The signal is then amplified in a General 
Radio type 814-A audio amplifier and presented as a 
vertical deflection on a DuMont type 208-B oscilloscope. 
The linear sweep of the oscilloscope is used so that the 
time between resonance peaks can be measured. The 
linearity of the horizontal sweep of the oscilloscope 
beam was checked by connecting a square wave gen- 
erator, set at a frequency ten times the modulation 
frequency, to the vertical displacement of the scope. 

In this work all the measurements were made on 
solutions of paramagnetic ions sufficiently concentrated 
so that the longitudinal relaxation time 7, was equal 
to the transverse relaxation time 7 2. Under these 
conditions 7; can be measured quite easily with very 
little apparatus. 

Bloch has shown that when 7; is equal to T2, the 
magnitude of the nuclear polarization vector is given by 





Mo 4 Aw 
M(t)=— —e- WT (tz, (2) 
T 19 _« (H+ Aw’)! 


where H is the field transverse to the main field Hp, 
w is the frequency of the field H, y is the gyromagnetic 
ratio, ¢ is the time, Mo is the equilibrium polarization, 
Aw=7Ho—w. 

Let 


Aw 
—=-—A for 


vy, 
=+A for h<t'<t; 


ee <U<h 


then M(?) will be given by the equation 


AM 
M(t) =————_[1 —2e- W747, (3) 
(1+4%)! 


Thus the process is exponential with a time constant 
equal to the relaxation time and M(?) has the limiting 
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value Mo. This equation is the basis of the method used 
in measuring the relaxation time. 

The field Ho consists of a steady component of about 
3500 gauss with a superimposed 60-cycle sine wave 
component of a few gauss. Although this is not the 
same as the step function considered in the last para- 
graph, the results will be the same, if | Aw] is much 
larger than |7~H;|, because then the quantity 


Aw 
(77H P+ Aw*)! 





of Eq. (2) will have the value of +1, regardless of the 
value of |Aw|>>yH,|, and will have the sign of Aw. 
Thus a sine wave will have the same effect as the 
square wave if the sine wave goes a considerable dis- 
tance above and below resonance. 

In the nuclear induction apparatus a receiving coil 
is placed in the Y direction in such a position that a 
change in the Y component of the polarization vector 
will induce a voltage in this coil. Thus each time the 
field Ho passes through resonance, a voltage will be 
induced in the receiving coil, and this will be propor- 
tional to the magnitude of M as given by Eq. (3). It 
is possible to adjust the field Hy so that every second 
passage through resonance will occur at a time when 
the magnitude of M is zero, and hence there will bea 
signal induced in the receiving coil for only every second 
resonance absorption. From observation of this process 
the relaxation time 7; can be determined. 

Consider a time ¢ long enough for M of Eq. (3) to 
equal M). Let Aw change from A to —A at fo. M(t) will 
be given by the equation 


M (t)= —M [1 —2e- 4/7) (#2) 7, (4) 


Thus M(t) will decay exponentially and will become 
zero when 

t—t.= —_ T Ind. 
By reference to Fig. 1, it may be seen that M will have 
the value M, in a time — 7, In}—At and hence M, will 
be given by the equation 


1= —M,[1—2e-@/ 7) CH Tiln}—-40) 7] 

=M (et), 
When M becomes zero, let Aw change from —A to 4. 
Then M will increase exponentially and will become 
equal to M, again in a time P—At after reaching zer0, 
or in a‘time —7,In}+(P—A?) after it would have 
had a value of —Mpo. For the exponential increase 

M,=M){1—2e-W/7) Tin [P-4t))} 

= M,(1—e-(P-40/71), 

and elimination of M, and My from these two equations 


and multiplication by T/P gives the equation used in 
measuring the relaxation time, 


At/P=T,/P n[2/1+e-?/7"]. (7) 


(5) 


(6) 
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PROTON RELAXATION 


This is the inverse function of that which is desired; 
however, a plot of it is shown in Fig. 2 from which the 
value T,/P may be found as a function of At/P. The 
graph shows that measurements will be unreliable for 
relaxation times much longer than the maximum prac- 
tical modulation period. 

Experimentally, the quantity At/P is obtained from 
measurements made on a cathode-ray oscilloscope con- 
nected to the receiving coil. At resonance a series of 
“nips,” which are alternately up and down, will appear 
on the scope. The “pips” which are up represent a 
passage through resonance by the increasing field Ho 
while those that are down represent a passage through 
resonance by the decreasing field. By adjusting the 
field Ho, the ‘‘pips” which are down can be made to 
disappear, corresponding to a value of zero for M at 
resonance. The ratio of the distance between a “pip” 
which is up and one which has just disappeared to the 
distance between two “‘pips” which are up, is the value 
of Ai/P. T,/P as a function of At/P is read off the 
graph of Fig. 2, and since the modulation period P is 
known (1/60 second), this gives the value of the relaxa- 
tion time 7}. 


Preparation of Materials 


Measurements of relaxation times were made on 
aqueous solutions containing the ions Crt*, Mn?, 
Fe’, Fet®?, Cot, Nit®, and Cut?. These were all dis- 
solved in water as cp nitrates, chlorides or sulfates, 
except for the Fe** which was used as ferrous ammonium 
sulfate. 

Measurements were also made with solutions con- 
taining the ions Lat’, Cet’, Prt’, Ndt8, Smt, Eut, 
Eu, Gdt*, Tbt*, Dyt*, Ert®, and Yb**. All these were 
made up by dissolving the oxides in dilute nitric acid, 
except for the Cet® and Eut? which were obtained by 
reduction from solutions containing Cet+# and Eu, re- 
spectively. The purity of the various rare earth samples 
tuned out to be a matter of major importance in this 
work. Source and purity (as estimated by magnetic 
susceptibility and spectroscopic measurements) were as 
follows: Lat+®, Cet’, Nd*+8, Sm*8, and Gd** were from 
the senior author’s collection, had all been the object 
of repeated magnetic studies, and are considered to be 
of “atomic weight” purity. Pr+* and Ert® were ob- 
lained from the University of Illinois through the 
courtesy of Professor Therald Moeller, and contained 
about 2 percent lanthanum for the Prt’, and 35 percent 
yttrium for the Ert®. Magnetic susceptibilities were 
measured and found to be xpr=28.3 (X10-), and 
Xe=133 per gram of crude sesquioxide. Smt+* and 
Eu were from samples given to the senior author by 
the late Professor Herbert N. McCoy. The Sm+* con- 
laned about 10 percent Gd**, and the Eu** was spec- 
toscopically pure. Prt’, Tb+*, and Dyt* were obtained 
om the National Bureau of Standards through the 
‘ourtesy of Dr. Raleigh Gilchrist. Except for the Pr* 
Which was substantially pure, all samples contained 
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about 10 percent of impurities for which correction was 
possible. Ybt* was obtained from the Argonne National 
Laboratory. It appeared to be spectroscopically pure. 

In all the work the relaxation time produced by a 
0.10 M solution of cupric nitrate was taken for calibra- 
tion purposes. The magnetic moment of the Cut? ion 
was taken to be 2.0 Bohr magnetons. This procedure 
is that adopted by Bloembergen, Purcell, and Pound. 
Direct evaluation of the term 12x*y’n/5kT° by sub- 
stituting values for the gyromagnetic ratio, etc., gave 
apparent magnetic moments about 10 percent higher 
than those reported below. 

Measurements of densities and viscosities of the 
solutions used showed that the various dilute solutions 
had the same density and viscosity as water, within 
required limits of accuracy. Relaxation time measure- 
ments on concentrated solutions were corrected for 
density and viscosity in accordance with Eq. (1). 

The concentration of paramagnetic ions in solution 
was usually adjusted so that the relaxation times would 
be in a region where greatest sensitivity was obtained. 
Measurements made on different concentrations of the 
same paramagnetic ion showed that the apparent 
(effective) moment derived from the observed relaxa- 
tion time was not a function of concentration unless the 
concentration was so great that a substantial change in 
viscosity occurred. Some data on the effect of concen- 
tration, viscosity, and of change of solvent are given 
below. 

It must be emphasized that the results presented 
here show that great stress must be placed on chemical 
purity. As little as 1 percent of gadolinium in rare 
earths such as samarium or in terbium may halve the 
observed relaxation time. 


RESULTS 


Table I shows the observed proton relaxation times 
for the various solutions studied. The series of values 
for Ndt*® shows the change of relaxation time with 
changing concentration. It will be recalled that some 








Fic. 2. Plot of T/P vs At/P for the inverse function of 
At/P=T/P \n(2/1+¢-?!7). 
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TABLE I. Proton relaxation times in solutions 
of paramagnetic salts. 








Relaxation times 


0.0107 sec 
0.0085 
0.0077 
0.0102 
0.0115 
0.0062 
0.0092 
0.060 
0.0313 
0.060 
0.042 
0.025 
0.020 
0.020 
0.0113 
0.0077 
0.060 
0.0666 
0.0145 
0.0105 
0.0417 
0.277 
0.0233 
0.031 


Molar concentration 


0.0131 
0.015 
0.013 
0.161 
0.46 
0.27 
0.10 
0.60 
0.782 
0.575 
0.970 
1.31 
1.53 
1.74 
2.08 
2.40 
0.804 
1.26 
0.0408 
0.0030 
0.0232 
0.0617 
0.080 
0.522 





Gd*+3 
Tbt 
Dy* 
Er 


Yb* 








of the rare earth samples were not very pure. Where 
the impurity was known to be diamagnetic, such as 
yttrium, a correction has been made for the actual 
paramagnetic ion content. The value for terbium can 
be considered as approximate only. 

Further tests made to determine the influence, if 
any, of varying conditions on the relaxation times all 
gave not unexpected results. Thus, gadolinium dis- 
solved in 1:1 nitric acid-water gave the same result as 
in pure water. The relaxation time for neodymium 
at 80°C was essentially the same as at 25°. Neodymium 
dissolved in 90 percent ethyl alcohol gave the same re- 
sult as in pure water. A mixture of neodymium and 
lanthanum in water gave a result which was strictly 
linear with composition, as did a mixture of samarium 
and gadolinium. A mixture of neodymium and iron 


TABLE II. Comparison of us and wy for paramagnetic ions. 








Ion Term us/uN 


r 
&R 
. 
= 
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1.0 

0.95 
0.28 
0.18 
0.45 
1.0 

0.17 
0.11 
0.10 
0.18 
0.05 
0.38 
1.4 

0.20 
0.14 
0.18 
0.11 


3d3 
3d6 
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(+3) gave results which were certainly not very sig. 
nificantly different from linear with composition. 


DISCUSSION OF RESULTS 


In Table II there are shown spectroscopic ground 
terms, magnetic moment (us) obtained from sys. 
ceptibility measurements, and apparent moment (yy) 
obtained from the nuclear induction experiment and 
Eq. (1). It is well known that ys varies somewhat with 
changing ionic environment and that for some ions the 
coordination may have a large effect. The ws values 
chosen are those for magnetically dilute systems in 
which covalent coordination is thought to be negligible. 
This problem is of small importance for the rare earths, 
but may be of great significance for ions such as Ni*, 

Where they overlap, these results are in reasonably 
satisfactory agreement with the results of Bloembergen, 
Purcell, and Pound except for erbium, for which they 
found py=8.5. Careful reinvestigation of this case 
suggests that their sample of erbium may have con- 
tained a substantial percentage of gadolinium, a not 
unlikely impurity. 


TABLE III. Effect of viscosity and density of Nd* 
solutions on py. 








Molar 
concentration 


of Nd*3 Density BN 


1.19 0.28 
1.37 0.21 
0.19 
0.15 
0.12 
0.093 
0.072 


Viscosity 





0.575 
0.970 . 
1.31 2. 1.45 
1.54 x 1.54 
1.74 1.62 
2.08 1.78 
2.40 1.93 








The results show clearly that those ions in S states, 
such as Fet* and Gd** give uy approximately equal to 
us. Furthermore, those ions such as Crt? which, through 
quenching of the orbital component, are “effectively” 
in S states, likewise give uy=ys. The nuclear induction 
experiment appears thus to yield a measure of spit- 
orbital coupling. For instance, Cr** normally has a ps 
which may be calculated from the spin-only formula, 
but the ions Ni*? and especially Co*? have ys values 
higher than the spin-only formula would predict, and 
we find that for these two ions uy is, respectively, 
somewhat smaller and much smaller than ys. The case 
of Eu*? is especially interesting. It is known‘ that this 
ion, which is isoelectronic with Gd+* offers an example 
of the Sommerfeld-Kossel rule and is in an S state. 
The observed py is much nearer ys than is the case for 
Eu*®, For Eu* the fraction uy/ys does not reach unlty, 
but this is attributed partly to the difficulty of keeping 
europium reduced during the measurements, and partly 
possibly to the different radius of the Eut? ion as com: 
pared with the trivalent rare earths. It will be clear 








® Assumed. 


4P. W. Selwood, J. Am. Chem. Soc. 55, 4869 (1933). 
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PROTON RELAXATION 


also from the unique magnetic properties of Smt* and 
Eut® that the subnormal py values for these ions could 
probably be explained quite easily. But the low yy 
values for Ndt*, Ert*, and other rare earths make it 
clear that a more general explanation must be found, 
and that the large high frequency term in the sus- 
ceptibilities of Sm** and Eut® cannot be blamed for 
the effect. 

Table III shows the effects of viscosity and density 
on the values of uw for Nd** solutions. The units are 
such that water has a density and viscosity of 1.0. It 
will be noticed that the values of uy decrease with in- 
creasing concentration and for this series ww is ap- 
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proximately inversely proportional to the viscosity. 
The values of uy given in Table II are for solutions 
sufficiently dilute so that their densities and viscosities 
are approximately that of water. 

It would be interesting to determine experimentally 
what effect the Stark field of the solvent molecules has 
on the effective magnetic moment uy of the rare earth 
ions. Unfortunately, the rare earth ions are in general 
not soluble in nonpolar liquids. The effective moment 
un Of the Nd* ion in alcohol solution is the same as the 
moment in water solution. 

The authors are indebted to Dr. N. Bloembergen in 
connection with correspondence concerning this effect. 
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A solution is presented to the general problem of the transient behavior of a linear fixed bed system where 
the rate of adsorption is determined by the combined effect of a liquid film and solid diffusion into spherical 
particles. The result obtained is an expression for the effluent following a sudden change in the influent 
concentration. It is given in two forms: (a) An exac: solution to the problem in the form of an infinite integral 
suitable for numerical integration. (b) An approximation to the exact solution together with an expression 
for the leading error term in this approximation. The approximate solution and the error term are given as 
closed trigonometric expressions which can be easily evaluated. 


I. INTRODUCTION 


CHEMICAL system consisting of a single solute 

liquid solution flowing through a fixed bed passes 
through a period of transient behavior following a 
sudden change of the influent concentration in the liquid 
‘lution. The kinetic behavior of the system is deter- 
mined by the mechanism controlling the rate at which 
material in solution is taken up by the particles of the 
packed bed. It is likely for many systems, and in par- 
ticular for resinous ion exchangers, that the rate de- 
temining factor is a process of solid diffusion into the 
particle itself! An additional delay may be introduced 
by the diffusion of material through a liquid film sur- 
founding the particle. If all other processes taking place 
até very rapid compared to the diffusion of material the 
tehavior of the system during the transient period will 
be determined by this diffusion process. The kinetics of 
such a system are the subject of investigation in this 


paper. The system considered consists of a bed of 
cc 


m.. part of a dissertation written under the Faculty of Pure 
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York’ Nachod (editor), Ion Exchange (Academic Press, New 
otk, 1949), contribution by H. C. Thomas, pp. 29-43. 


homogeneous spherical particles of uniform radius, 
through which the liquid solution flows with a constant 
linear velocity. 

The result obtained is an expression for the effluent 
concentration c(x,@) as a function of time and bed 
length following a step increase in the influent concen- 
tration from zero to cy at ‘=0. Certain simplifying as- 
sumptions are made in obtaining this result, which may, 
however, be approximately satisfied in many cases of 
practical application. The two primary assumptions 
are: (a) The liquid film coefficient and the solid diffusion 
coefficient are independent of position, and of concen- 
tration over the range of its variation. (b) The system 
has a linear isotherm so that under equilibrium condi- 
tions the concentration qg,, of adsorbed material at the 
surface of the solid is given by g,=Kc, where K is an 
effective equilibrium constant which can be considered 
to be defined by this relation. 

With these two assumptions the system is a linear one 
which can be solved to give the general result for the 
case of combined surface film and internal solid diffusion. 
The exact solution to this problem is given here as an 
infinite integral in a form suitable for numerical 
integration. A relatively simple approximation to this 
infinite integral is also given. This approximation is 
obtained by a saddle point integration of the Laplace 
transform inversion integral. 
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The author is aware of two previous solutions to a 
similar problem.”*§ A method of obtaining numerical 
results is given by Lowan, while the solution is left in 
the form of a Laplace transform by Wicke. Numerical 
results can be obtained more easily by means of the 
infinite integral given here than by the method of 
Lowan. For those cases where the saddle point approxi- 
mation is accurate enough, the work required is re- 
duced by at least a factor of ten. 

Experimental verification, under conditions of high 
ionic concentration, of the results given here has been 
obtained by Raseman‘ using an ion exchange column 
consisting of spherical particles of Dowex 50. A 0.5 
normal solution of NaCl with Na* as a tracer was used 
in this work. Experimental results obtained with this 
system when the influent concentration was varied 
sinusoidally also follow closely the theoretical curves 
given for the sinusoidal case when solid diffusion is the 
rate controlling mechanism.5 


II. DERIVATION OF EQUATIONS 


The problem can be formulated exactly in terms of the 
equations and boundary conditions to be satisfied. It is 
assumed that any variations in concentration or ve- 
locity over a given cross section of the bed can be 
neglected. The concentration then depends only on the 
single space variable the bed length z and time ¢. The 
equation of conservation is then given by 


v(0c/dz)+ dc/dt= —(dgq/dt)/m (1) 


where » is the constant linear flow velocity and q is the 
average over a particle of the concentration of adsorbed 
material, per unit volume of solid. We have also 
neglected the effect of a possible longitudinal diffusion 
term — D;(0°c/dz?) on the left-hand side of (1) which we 
assume to be much smaller than 0(dc/dz). By the change 
of variables x= 2/mv and 6=t—z/v, (1) can be written as 


dc/dx= — 0q/00. (2) 


The rate 0g/0t= 09/00 at which material is taken up 
from solution by the solid particles is determined by the 
combined effect of a liquid surface film and solid 
diffusion into the particles. 

All material diffusing into the interior of a solid 
particle must first reach the surface of the particle by 
diffusing through a static layer of fluid surrounding the 
particle. In order to be able to take account of the effect 


2 A. N. Lowan, Phil. Mag. 7, 914 (1934). 

3 E. Wicke, Kolloid-Z. 86, 295 (1939). 

§ Note added in proof.—A solution to the above stated problem, 
considering internal diffusion only, has recently appeared in this 
Journal [H. C. Thomas, J. Chem. Phys. 19, 1213 (1951) ]. The 
inversion integral given there is equivalent to the integral (22) 
in this paper after replacing Y,(s) by its value Yp(s) for no 
surface film. The inversion integral is evaluated by Thomas by 
means of a triple infinite series. 

*C, J. Raseman, Ph.D. thesis (Dept. of Chem. Eng. Cornell 
University, Ithaca, New York, 1951). 
pet Rosen and W. E. Winsche, J. Chem. Phys. 18, 1587 
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of this layer we idealize the situation in the following 
way. We assume that a uniform liquid surface film 
surrounds each solid spherical particle and that the 
concentration at the outer surface of the liquid film is 
that in the body of the fluid at that value of x and 9, ie, 
c(x, #). The rate at which the film diffusion takes place 
is then taken as proportional to the concentration 
change across the film, c—q,/K. It is possible that 
because of the flow pattern around the particle, the 
static layer of fluid may not surround the particle 
uniformly. However, it may be possible to choose the 
value of the liquid film coefficient h, so that h(c—q,/K) 
gives the average rate of flow of material across the 
surface film surrounding a particle, per unit of surface 
area. In this case the idealized model above is valid and 
we can define an effective surface film resistance 
R;=6/3h. It is clear that this model will apply only 
where the particles are small enough so that the change 
in concentration over a length equal to the particle 
diameter can be neglected. That is, we require 2b(dc/dz) 
<c, where b is the particle radius. 

With these conditions, the rate 0q/00@ is given in 
terms of the surface concentration g, by solving the two 
equations, 


09q/00= 3h/bL.c—q./K j=1/Rylc—q./K], (3) 
0q;/00= DV’q;=(D/r’)d/drLr*(dqi/0r)], (4) 


where g;=4q,(r, x, 0) is the concentration distribution of 
adsorbed material in the interior of spheres and g,(x, 9) 
=q;(b, x, #). A table defining all quantities is given at 
the end of the article. The average concentration in the 
particles is given by 


b 
q(x, 6) =3/0 f gi(r, x, 0)r°dr. (5) 
0 


The initial and boundary conditions may be taken as the 
bed being initially free of adsorbed material and a step 
function in the influent concentration. 


gi(r,x,0)=0, O=r<d, 
0, d=t=0 


u(0, 0)=c(0, 0)/co= (6) 
1, 9=t>0 


2220, 


Because of the linearity of the system the expression for 
u(x, 0)=c(x, 0)/cy obtained with these initial and 
boundary conditions can be used to give the’ effluent 
concentration for the much more general conditions of 
the bed initially at equilibrium with the constant value 
q(x, 0)=q:(r, x,0)=go throughout the bed and an 
influent concentration of co for 2>0. Then the effluent 1s 
given by 


c(x, 0)=9o/K+[co—qo/K ]u(x, 8). (7) 


For co=0 this gives the effluent for the elution of @ 
saturated column, ¢(x, 0)= (qo/K)[1—u(x, 9) ]. 





> following 
irface film 
| that the 
uid film js 
and 6, i.e,, 
akes place 
centration 
sible that 
rticle, the 
ie particle 
choose the 
(c—q./K) 
across the 
of surface 
; valid and 
resistance 
pply only 
he change 
ie particle 
2b(dc/dz) 


; given in 
ig the two 


‘ibution of 
nd g,(x, 8) 
Ss given at 
ion in the 


(5) 


ken as the 
ind a step 


(6) 


-ession for 
itial and 
e effluent 
ditions of 
ant value 

and an 
effluent is 


(7) 


tion of a 


. 


DIFFUSION 


The mathematical formulation of the originally 
stated physical problem is now complete. It consists of 
fnding the three functions c(«, @), q(x, @), and q;(r, x, @) 
which satisfy the system of equations (2), (3), (4), and 
(5), with the initial and boundary conditions (6). Since 
it is difficult to solve the system of equations directly 
in this form, it is desirable to simplify the system before 
attempting to obtain a solution. This is accomplished in 
what follows by eliminating two of the unknown func- 
tions and obtaining a single equation in the single 
unknown function c(x, @). 

By means of Duhamel’s theorem® we can obtain an 
expression for g; in terms of g,. For q,(r, x,0)=0 we 
have 


0 0 
gr, x, 0) = f g(x, )—H(r, 0-d)dd (8) 
0 06 


where H(r, #) is the solution of the problem of solid 
diffusion into an initially empty spherical particle for a 
constant imposed surface concentration of unity for 
920, i.e., H(r, 0) is the solution of (4) for q,(r, #)=90, 
0<r<b, at 0=0, and g,(@)=1, 6>0. The value of 
H(r, @) is given by’ 


o (—1)*tl 
H(r, 0)=1-—2 >> —. sin(o,»r)expl—Do,70], (9) 


n=1 Ont 


where ¢,=n7/b. In the various differentiations and 
integrations which are carried out it can be shown that 
the required condition of uniform convergence of the 
original or derived series is satisfied. The details of the 
proof of this are straightforward but rather lengthy and 
will be omitted. We will therefore proceed to carry out 
all operations formally without further consideration of 
convergence questions. Then (9) gives 


dH(r, 8) sin(¢n7) 


=2D> (-—1)"*'on exp[ — Do 76]. 


n=1 


The substitution of this in Eq. (8) and the interchange of 
the order of integration and summation leads to 


oo sin(o 7) 
g(r, x, 0)=2D 2 (—1)"416, 


n=1 r 
0 
x f ge(x, A) expl—Do?(0—A) ]dd. 
0 


If this expression is used in (5) and the integration and 
summation interchanged again we get 


6D « 0 


eB 


q(x, 8) qs(x, ) exp[—Do,2(8@—A) ]dd, (10) 


n=1 0 


after performing the integration with respect to r. To 
es 


‘HS. Carslaw and J. C. Jaeger, Conduction of Heat in Solids 
(Oxford University Press, London, 1947), p. 20. 
See reference 6, p. 200. 


INTO SPHERICAL PARTICLES 


get an expression for the rate 0g/00, consider 


‘s] 6 
a f g.(x, 4) exp[— Do n?(@—A) ]dd 
a6 J, 


° 0q.(x, d) 
-{ —— exp[—Da,?(8—)) ]dd, 
, on 


after integration by parts and making use of the fact 
that g,(x,0)=0. Using this relation we can give the 
time rate of change of the average concentration gq in 
terms of the time rate of change of the surface concen- 
tration g,. Equation (2) can be written in the form 


dc 0g 6D 


ax 386 BF 
ued ® Aqs(x, d) 
> f ———— exp ~De.%0=2) a. (11) 
n=1/ 9 Or 


We wish to obtain an equation involving only the single 
unknown function c(x, @) and its derivatives. From (2) 
and (3) we get q, in terms of ¢ 


0c 
q:>= K|c+R-—| (12) 
Ox 


This gives the desired equation as a linear partial integro 
—differential equation which must be satisfied by c(, 8) 


0c 2 °c 0°¢ 
and f fen] 
Ox n=1 7/9 Or OxdXr 


Xexp[—Don2(0—d)]dr, (13) 


where y=3DK/b’. We have now reduced the problem 
to that of solving a single equation in the unknown 
concentration c(x,@) which it is the purpose of this 
paper to determine. We proceed by obtaining an exact 
solution to Eq. (13). 


III. EXACT SOLUTION 


To solve this equation subject to the boundary con- 
ditions previously given we use the Laplace transform,® 
and transform (13) with respect to the variable 6. We 
denote by L{ f(x, 0)}=F (x, s) the transform with re- 
spect to 6 of f(x, 0). We let C(x, s)=L{c(x, 0)}. We will 
also use the relations 


L} (0/06) f(x, 6)} =sF(x, s)—f(x, 0), 
L{(d/dx) f(x, 0)} = OF (x, s)/dx, 


(14) 
(15) 


(16) 


6 


1} f filx, A) fo(x, p= \)dr = F(x, 5) F(x, s), 


L{exp[ —Do,0]} =1/(s+Da,?). (17) 


8R. V. Churchill, Modern Operational Mathematics in Engi- 
neering (McGraw-Hill Book Company, Inc., New York, 1944), 
Chapters I, II, and VI. 
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TABLE I. Summary of functions and limiting values used in computing u(x, 6). 








Function Complete expression 





Limiting values 


|s| 0 or A-0 |s| + or Ae 











Y p(s) y[w(s) cotw(s)—1] — y[w®/3+-wt/45+-+ +] (2|s|/o)'~1 
Y p(iB) LA pi(A) +70 p2(A) J See Hp, and Hp» 

Hpi(a) A[{sinh2A+sin2d ]/[cosh2A—cos2d ]— 1 (4/45)\! \-1 
Hp2(d) A{sinh2A—sin2d ]/[cosh2\—cos2a ] (2/3) N 
Y7(s) Y p(s)/(1+Rs¥ v(s)] Y n(s) 1/R; : 
Y 7 (ip) yLAi(a, v) +7H2(r, v) | See Hy, and H, 

H(A, v) CH pi +v(A pv? +H pv?) 1/((1++H n1)?+ (eH v2)? ] Hp, 1/» 
H(A, v) H p2o/((1+H p1)?+(vH v2)? ] Hp2 1/2*d 














s=atiB, 





w(s) =i(2s/a)}, 





w(iB)=(t—-1)d, _ A=(8/o)}, 





v=yRy 








Relation (16) is the Faltung integral theorem. Now 
taking the transform of (12) and using (15), Q,(x, s) 
=K{C(x, s)+R;L0C(x, s)/dx]}, while from (14) 


L{ (dqe(x, 6)/98)} =sQ.(x, s)—ga(x, 0) =5Q.(x, 5). 


If we take the transform of Eq. (11) and use the relation 
above together with (16) and (17) we get 











aC(x, s) © s dC (x, s)7 
= —ay> Ke s)+R; 
Ox n=15+Do,,? dx J 
dC 7 
— Joe, s)+Rs— Y p(s), 
Ox J 
where 
Y =2 ; ——_—_———_—., 18 
nhs) 2y a s+D(n/b)? sad 
After solving for 0C/dx 
aC (x, s)/dx= — V 7(s)C(x, s), (19) 
Y r(s)= VY n(s)/L1+Rs¥ v(s) ], (20) 


are obtained. From Eqs. (19) and (2) it follows that the 
quantity Y,7(s) can be thought-of as the factor which 
relates the rate at which material is diffusing into the 
particles at a given point to the concentration at that 
point. By analogy with the corresponding term in 
electric circuit theory we call Y7(s) the total system 
admittance. For the special case where the effect of the 
surface film can be neglected, (R;=0) the quantity 
Y p(s) plays the same role, and may therefore be called 
the system admittance for solid diffusion only. 

Equation (19) is the transform of Eq. (13). It can be 
treated as an ordinary differential equation with s as a 
parameter. Its solution, satisfying the initial condition 
C(0, s)/co=1/s obtained from (6) is given by 


U(x, s)=C(x, s)/co= (1/s)e~2¥7™, (21) 


The desired result «u(x, @) is given by the contour 
integral representing the inverse transform of U(x, s) 


1 atic 
u(x, 0)=— f —e*-2¥ r(8)qs, 


2ni 


(22) 


where the path of integration is the straight line parallel 
to the imaginary axis given by R(s)=a>0. The ex- 
pression for u(x, @) in this form can be shown to satisfy 
the Eq. (13) and the boundary conditions by making use 
of the limiting values of Y7(s) as given in Table I. 
We wish to obtain (22) in the form of a real infinite 
integral from which numerical results can be more 
readily obtained. 

Let us first obtain a trigonometric expression for 
Y p(s). The relation® 






—z? 





2 > (23) 


n=1 n> — gz? 





=z cot(rz)—1, 






holds for all complex 2¥0, +1, +2, -:-. Let 
z’?= —b’s/m*D, then after multiplying top and bottom of 
each term of (18) by 5?/mD, 








Y p(s)= yw cotw—1], (24) 






where w=w(s)=ib(s/D)!=i(2s/c)! and o=2D/b". The 
principle properties of the functions Y p(s) and Y7(s) are 
summarized in Table I. Their values for s=7§, 8 real, 
are the ones required for the evaluation of the infinite 
integral expression for u(x, 0). The functions Hp:(\) 
and Hp2(d) are tabulated in Table II. Curves of these 
functions have also been given.® 

It is of interest to determine the initial value of the 
effluent as given by (22) for 6=0. To do this, we evaluate 
the integral (22) by closing the path of integration by an 
infinite arc to the right and making use of the limiting 
values given in Table I. We let y= yR, and consider two 
cases separately, v>0 and v=0. 

(a) v>0.—This is the general case where the effect 0 
the surface-film resistance is taken into account. The 
above method of evaluation then gives u(x, 0)=e7*”. 
This result also follows directly from Eqs. (2) and (3) 
for g,(x, 0)=0. Physically, this means that the effect of 
surface film resistance will be clearly indicated by the 
initial value of the effluent provided the effective bed 
length yx can be made small enough relative to ». 




















®K. Knopp, Theory and A pplication of Infinite Series (Blackie 
and Son, Ltd., London, 1928), p. 419. 
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DIFFUSION 


(b) v=0.—We assume here, that the effect of the 
surface film can be neglected. We see from Table I that 
H,(\,0)=Hpi(A) and H2(A,0)=Hpe(A) so that in 
general for v= 0 we have Y7(78) = Y p(i8), a considerable 
simplification. Using this fact we get that for any 
yx>0, u(x, 0)=0, i.e., the initial value of the effluent is 
zero, regardless of bed length. This result is caused by 
infinite initial rate of adsorption required by the condi- 
tion g.= Ke which must now be satisfied. Physically, of 
course, this situation will never be realized completely. 
However, for yx/vy>5 the error in the initial value 
caused by neglecting the effect of a film resistance will be 
less than possible experimental errors. In those cases 
where it can be shown that the error for @>0 is of the 
same order as that at @=0, the solution u(x, @) for the 
mathematically simpler case v=0 will be a satisfactory 
approximation to the general case v>0, provided 
yx/v> 5. 

We now return to the job of simplifying the integral 
(22). It can readily be seen from its series form that 
Yp(s) has an infinite number of first-order poles along 
the negative real axis at the points s= —Da,’, n=1, 2, 
---, Except for these poles Y p(s) is analytic throughout 
the s-plane. In particular, Y p(s) is analytic in the half- 
plane R(s)> —2*2D/b. In view of these properties the 
function (1/s)e-7¥“ has an essential singularity at each 
pole of Yp(s), a simple pole at s=0, and is analytic 
everywhere else. The situation with respect to U(x, s) 
=(1/s)e-7¥7™ is similar except that in this case the 
essential singularities are given by s=—a;, where the 
a; are the roots of (2a/c)! cot(2a/c)!+(1/v)—1=0. 
Since the roots are real and positive the corresponding 
singularities are again along the negative real axis. 

Because there exist an infinite number of essential 
singularities the usual method of evaluation of the in- 
verse transform by residues is not practical. However, 
since U(x, s) is analytic for R(s)=0, except at s=0, we 
can take the path of integration to be along the im- 
aginary axis with a small semicircle [' of radius e—-0 
excluding the origin. Then 


1 —ie fies) 1 
u(x, =—iim| f +f + f bererevas 
2rt <0 te Ss 


—iw 


To evaluate the integral around I transform to polar 
coordinates and use Y7(s)—>0 as | s|—0. Then it readily 
follows that for e—>0 the last integral contributes an 
amount 3 to u(x, 6). The first and second integrals can 
be combined by making the substitution s=—i8 and 
5=18, respectively, and taking the limit. This gives 


1 2) 
ul, O=H+— [ [ei (x, i8)-+e-'U (x, —i8) a8. 
T “9 


Since U(x, s) is a Laplace transform U(x, 3)=U(z, s), 
Where the bar indicates the complex conjugate.’ 


a 


es 


” See reference 8, p. 149. 
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Further, for any complex quantity F we have F+F 
=2R(F). Then 


1 fs) 
u(x, 0-)=3-+— f aLeU (x, iB) 1d. 
T #9 


By using (21) and the expression for Y7(i8) with the 
change of variable B=’, we get finally 


2 oa) 
u(x, 6) = 54 - f e7rtHir, v) 
To 
dd 
Xsin[ o0\?— yxH2(d, v) }—. (25) 
r 


This is the solution to the problem in the form of an 
infinite integral which is a function only of the three 
dimensionless parameters yx, o9, and v. The convergence 
of this infinite integral follows from the asymptotic 
expressions for H,(A, v) and H2(A, v). The integrand is 
bounded for all \ including \=0, and for v>0 and large 
\ the integrand approaches (1/A)e~7*/" sin(o@A?) which 
has a convergent infinite integral. For y»=0, convergence 


TABLE II. Values of Hp;(d) and Hp:(d). 








> 


Hpi(a) 


(4/45) 4 
0.0115 
0.0212 
0.0359 
0.0569 
0.0856 
0.1233 
0.1709 
0.2291 
0.2982 
0.3781 
0.4678 
0.5663 
0.6719 
0.7830 
0.8978 
1.015 
1.132 
1.249 
1.364 
1.477 
1.588 
1.697 
1.803 
1.907 
2.010 
2.112 
2.212 
2.311 
2.410 
2.509 
2.608 
2.706 
2.805 
2.903 
3.002 
3.101 
3.201 
3.300 
3.400 4.398 
3.500 4.499 
A-1 d 


H p2(a) 


(2/3) 
0.2392 
0.3247 
0.4223 
0.5313 
0.6504 
0.7784 
0.9133 
1.054 
1.196 
1.340 
1.482 
1.621 
1.755 
1.884 
2.006 
2.123 
2.234 
2.340 
2.443 
2.542 
2.639 
2.734 
2.829 
2.924 
3.019 
3.114 - 
3.209 
3.306 
3.403 
3.501 
3.599 
3.698 
3.797 
3.897 
3.997 
4.097 
4.197 
4.298 
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TABLE III. Functions and derivatives used to compute um and do. 








D,(d) = (1/y)a"¥ o™ (a) Tn(A) = (1/y)a"¥r™(a)® En(d) = a" F(a) 





4-4 Do/{1+vDeo] oOX2/2—-y2T o(d) —loga 
3[A—B] D,/(i+vDoF oOX?/2—yxT\(d)—1 
—}[A+B-—2AB] [D2+v(DoD2—2D,*) ]/[1+rDo # 1—yxT2(X) 
3[3(A+B)—2B*—4A2B] T2'(d) —2—-yxT3(d) 
—7;[15(A+B)+6A B—4B?—8A2B—8A B(2B+ A?) ] T3'(d) 6—yxT4(d) 





A=dcothaA, B=[AcschA}?, A=(2a/o)t 








® Obtained by formally taking derivative using Tn41=Tn’(A), Dn’(A) =Dn4i(d). For »=0, Tn =Dn. 


is assured by the factor e~7*°-, In general the con- where 73(@) is a power series in 8, starting with 6°, with 
vergence of this integral may be rather slow, necessi- derivatives F‘” (ao) as coefficients. The value of u(x, 6) 
tating a large amount of numerical work. However, for is given by 
v<-yx/5 the exponential factor in the integrand will be 2 
the controlling factor and bring about more rapid on 1 ries 9 F’(a) ely 
convergence. In particular, for the limiting case of no o(x, 8) gry f a) IU 
surface film resistance we have 


—0 


eF (a0) 


4 a Hpi) Ren, 
u(x, 0)=3+— ine (2a F"’ (a)! 


The function (x, 0) exists provided F’’(ao)>0, and in 
this case the second integral in (28) gives the error 
involved in the approximation u(x, 0)=uo(x, @). The net 
This has been evaluated numerically as a function of 9 contribution of the odd order terms in (8) is zero since 
for the case of yx=1. The results of this exact integra- the contributions to the integral from the positive and 
tion are given in Table IV together with the values negative portions of the path cancel. As a result of this 
obtained by the approximate method given below. there is no contribution from the f*, 6°, and 8’ terms. 


IV. APPROXIMATE SOLUTION Taking account of the 8‘ and 6° terms we get 


dy 
Xsin[o6\?—-yxH p2(A) }—. (26) 
r 


We now investigate an approximate method of u(x, 0)=uo(x, O)[1+60+6;], (30) 


evaluating the integral (22), using the method of saddle . z 4 : 
point integration or the method of steepest descents."! 59 = 1/8 E4(Ao)/ £2? (Ao) — (5/3) Es?(Ao)/E2°(Xo) J, (31) 
Let 5,=remainder term. 


svisittnilliiira dias (27) ‘The functions E,(A) are defined by E,(A)=a*F"(a), 
Then (22) can be written in the form where \=(2a/c)!. Formulas for their evaluation are 
1 art io0 given in Table III for n=0, ---, 4. The value 
u(x, 0)=— i) - eF (ds, corresponds to the root a, but actually is determined 
2mt Sain directly by Eq. (32). 

The term do gives the magnitude of the error involved 
in the approximation ww, and in some cases may 
actually be used as a correction term (see Table IV). 
However, it does not appear possible to show in general 
that 5:69. In view of this the best procedure is 
probably to compute u(x, 6) from (25) for several 
s “ dain ey > widely separated values of «6, with yx and » fixed. If the 
(6) = F(a) + F'" (ao) (68)*/214- F°" (a) (68)*/3! Man sevens toy (8) tndiene 60 omy fer he wll 

+ FY (ap) (i8)*/4!+-15(8), computed it is reasonable to assume it will remain so for 

where /;(8) is a remainder term involving 6°. Then all of. 
1 We now obtain an expression for w(x, @) which in- 
u(x, 0) = u(x, 0)+-—eF (@ volves only the functions E,(A). As a result of the logs 
2a term, F’(a) has a first-order pole at a=0. Then the roots 
of F’(a)=0 are given by aF’(a)=E,(A)=0, i.e., by the 


“ F Qo 
x f ns(B) exp| _ | (28) roots of 
ie ° E,(d) = (o0X?/2) 


1 R. H. Fowler, Statistical Mechanics (Cambridge University , 
Press, London, England, 1936), p. 36. — (yx/2)[(A— B)/[1+ (A —1) #]—1=0. (32) 


We are free to choose for a any positive real number. We 
take a= a, where ap is the positive real root of F’(a) =0, 
where the prime denotes differentiation with respect to 
the argument. Then if we expand F(s) about s=ap in a 
finite Taylor series with a remainder and use the fact 
that along the path of integration s—ap=18, we get 


‘? 
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DIFFUSION 








Itcan readily be shown that this equation has a unique 
positive root Ao. Also from (29) we get 


exp[_(c6Ao?/2) — yxT o(Ao) ] 
u(x, 0) = , 
(24 E2(Ao))# 









(33) 






where we have used the fact that e~!**=1/a. It is clear 
from this that once Ao has been determined by (32) both 
w(x, 9) and the leading error term 69 can readily be 
obtained by the formulas given in Table III. It can also 
be shown from the expression for E2(A) that F’’(a)>0 
for all a>O. 

For y=0 the approximate solution reduces to the very 
simple expression 









exp[ (c0A9?/2) — yx(A—1) ] 













Uo(x, 0) = , (34) 
(2r[1+}yx(A+B—2AB)])} 
with Ay the root of 
o0\?— yx[_A(A)— B(A) J—2=0. (35) 





Values obtained from this expression for yx=1 are 
compared in Table IV with the exact solution. Con- 
sideration of asymptotic expressions for A(A) and B(A) 
in (35) gives the following explicit formulas for Xo, 
accurate to 0.5 percent, 












P= (15/4yx) { — (300/2— yx) 
+[(300/2—-yx)?+8yx/5]}}}, 





for Ao=l, 





(36) 





ho= yx/2c00+[ (yx/200)?+2/c0]}', for A=4. 


V. DISCUSSION 







A further result which gives a physical insight into the 
nature of the solution obtained will be discussed briefly. 
For yx=50 and v0.01, the following expression, accu- 
tate to 1 percent, can be obtained directly from the 
integral (25)! 


300/2—yx 
u(x, 0)= i[ r+ ext(— —*) | 
2(yx/5)! 









(37) 





This is the expected © shaped curve for the effluent 
concentration, and in addition is symmetrical about the 
Value 3. This value of the concentration travels down 
the bed with a velocity given by dz/di=mv/m+K, 
which corresponds to the result required by considera- 
tion of conservation of material. Thus for a large effec- 
live bed length the half-value of concentration travels 
down the bed with the velocity mv/m+ K, while because 
of the term (yx)! in the denominator, the slope of the 
ay becomes less and less steep as it moves down 
€ bed. 


ee 
















‘ Compare this result with that obtained by Wicke, reference 3, 
— problem of equilibrium with a linear isotherm with longi- 
udinal diffusion taken into account. 
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TaBLe IV. Comparison of exact and approximate solutions for 
yR;=0 and yx=1. 











of Xo uo u 50 uo [1 +50] 
0.0 ) 0 0 0 0 

0.1 11.71 0.0042 0.004 — 0.002 0.0042 
0.3 4.75 0.186 0.185 —0.015 0.183 
0.5 3.21 0.435 0.427 —0.017 0.428 
0.7 2.50 0.634 0.622 —0.014 0.625 
1.0 1.91 0.820 0.808 —0.019 0.805 
1.5 1.43 0.953 «#8 a —0.031 0.923 
) 0 1.083 1.000 — 0.083 0.994 








® Not computed. 


VI. SUMMARY 


The exact solution u(x, #), to the complete problem 
with both a liquid film and internal solid diffusion as 
rate determining factors, is given by the integral (25) as 
a function of the three dimensionless parameters yx, 
o6, and »v. If the effect of the film resistance can be 
neglected the exact solution reduces to the simpler 
integral (26). The functions H,(A,v) and H(A, »), 
needed to evaluate the integral (25), are defined in 
terms of Hp.i(A) and Hp2(A) in Table I, while the 
integrand of (26) is given directly in terms of these 
latter functions. The values of Hp;(A) and Hp2(A) are 
tabulated against A in Table II. 

The approximate solution u(x, @), to the complete 
problem, is given by (33) in terms of To(Ao) and E2(Ao). 
The functions E,,(A) and T,,(A) are defined in terms of v 
and hyperbolic functions of \ in Table III. The re- 
quired value Xp is the unique positive root of (32). The 
leading error term do is given by (31) in terms of the 
functions E,(Ao). For v=0, the approximate solution 
reduces to Eq. (34), with Ao given implicitly by (35) or 
explicitly by (36). 
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NOMENCLATURE AND SYMBOLS 
A consistent system of units is given in brackets. 


A=A(A)=) cotha. 
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b=radius of spherical particles; assumed uniform throughout 
bed (cm). 

B=B(dA)=(A cscha)?. 

c=c(x, 0)=concentration of material in fluid (mm/cc). 

¢o=c(0, 0)=concentration (constant) at input face of bed 
(mm/cc). 

C(x, s), Q(x, s), U(x, s)=Laplace transforms of c(x, 0), g(x, 6), 

u(x, 0), respectively. 

D= effective coefficient of solid diffusion in spherical particles; 
assumed constant (cm?/sec). 

Dz,=\longitudinal diffusion coefficient (cm?/sec). 

h=liquid film coefficient (cm/sec). 

K=effective equilibrium constant. || 

m=void volume per unit volume of adsorbent.|| 

q=q(x, 6)=average (over particle) of concentration of ad- 
sorbed material (mm/cc adsorbent). 

go= q(x. 0) =initial (constant) concentration of adsorbed ma- 
terial (mm/cc). 

gi=Qi(r, x, 0) =internal concentration distribution of adsorbed 
material (mm/cc). 

ga=qi(d, x, 8). 

r=radial distance from center of spherical particle (cm). 

Rs=b/3h=effective surface film resistance (sec). 

s=a+if, complex variable. 


ROSEN 


t= time measured from instant of step input (sec). 
u= u(x, 0)=c(x, 6)/co. 
uo(x, 0) =approximation to u(x, @) obtained by saddle point inte. 
gration. 
v=linear flow velocity; assumed constant (cm/sec). 
w(s) =i(2s/o)}. 
x=2z/mv=time required for fluid to flow distance z/m (sec), 
Yp(s)=system admittance for solid diffusion only (sec™). 
Y 7(s) = Yp(s)/[1+R;¥p(s) ]=total system admittance for com. 
bined surface film and solid diffusion (sec™'). 
z=distance measured from input face of bed (cm). 
¥=3DK/’? (sec). 
59= leading term of error in u(x, 6). 
6=t—z/v=time measured from instant point is reached by 
fluid (sec). 
\= variable of integration. 
v= yRs= DK/bh.|| 
o=2D/8? (sec™). 
on=ntr/b (cm), 
yx=3DKz/mvb?= effective bed length. || 
c= 2D(t—2/2) /b.|] 
yx/v=3hz/mvb.|| 


|| Indicates dimensionless quantity. 
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The ultrasonic shear waves technique introduced by Mason 
offers the possibility of measuring the viscosity of a liquid in 
laminar flow at ultrasonic frequencies. A dilute high polymer 
solution exhibits, besides the usual shear viscosity, a shear 
elasticity as well for rather low frequencies (of the order of 10°). A 
theory is given for infinitely dilute solutions using as a model for 
the chain molecule an elastic sphere. This model, which the author 
has used previously for the theory of flow birefringence, represents 
the limiting case of complete impermeability. The theory is 
compared with experimental results of Baker, Mason, and Heiss 
and of Rouse on polystyrene. The theory gives a good picture of 
the phenomena as a whole and is particularly successful in de- 


scribing the apparently anomalous temperature dependence of the 
elasticity coefficient of polystyrene solutions at high frequencies. 
The interest of combining results on flow birefringence and on high 
frequency viscosity measurements is emphasized, as well as the 
possibilities of the latter technique for determining the molecular 
elasticity and internal viscosity as a function of frequency. On the 
basis of preliminary results for a sample of polystyrene of molecular 
weight 130,000, the tentative conclusion is given that the elastic 
sphere model will not have a quantitative significance for chains 
of such a low molecular weight and that it might be necessary to 
take into account the effect of permeation. 





I. INTRODUCTION 
1. Relaxation Process in Pure Liquids 


AXWELL! in 1867 predicted that an instantane- 
ous shear distorsion in a liquid would have a 
relaxation time 7 given by the formula 


t= n/t, (1) 


where 7» is the shear viscosity and yu the shear elasticity. 
Therefore if liquids were sheared rapidly enough they 
would exhibit a shear elastic effect as well as a viscous 
effect. 

A liquid subjected to an instantaneous strain may 
show elasticity just like a solid body. There is, how- 
ever, a difference between the solid body and the liquid, 
namely that for the latter any stress will gradually 
disappear, the rate of disappearance depending on the 
viscosity of the medium. Maxwell supposes this rate 
proportional to the stress F and therefore arrives at the 
following equation : 


dF /dt=u(dS/dt)—F/r, (2) 


where S is a strain of some kind which is here supposed 
to be a simple shear. The corresponding coefficient of 
elasticity then is the shear elasticity coefficient u. If S is 
constant, 

F= pSe~!”, (3) 


showing that F gradually disappears, the coefficient 7 
being the relaxation time of the process. 

If dS/dt is constant, that is, if there is a steady 
motion of the body which continually increases the 
displacement 


F=yr(dS/dt)+const Xe’, (4) 


showing that F tends to a constant value depending on 
the rate of displacement. The quantity uz, by which the 


* Rockefeller Fellow, 1951. Home address: Centre d’Etudes de 


— Macromoléculaire. Faculté des Sciences de Strasbourg, 
ce, 


J. C. Maxwell, Phil. Trans. Roy. Soc. (London) 157, 49 (1867). 


rate of displacement must be multiplied in order to 
obtain the force is the ordinary coefficient of viscosity, 
and Eq. (1) is established. 

Special attention will be given herein to periodic 
motions; their study will be made easier by the use of a 
complex viscosity coefficient. For a periodic motion with 
circular frequency w, Eq. (2) may be written 


F=[n/(i+iwr) \(dS/dt); i= /—1. (5) 
It replaces the conventional equation 
F=n(dS/dt), (6) 


relating stress and rate of shear for a liquid at zero 
frequency. 

In a more precise form, we may say that at the 
frequency w the viscosity coefficient n has to be replaced 
in the hydrodynamic equations by the complex vis- 
cosity coefficient 


n* = /(1+-tw7). (7) 


This is because of the fact that the equations of 
hydrodynamics express the equilibrium between the 
frictional forces acting on an element of volume and the 
other forces such as pressure, inertial forces, body 
forces. 


2. Behavior of Liquids and Polymer Solutions 
Undergoing Ultrasonic Shear Waves 


The torsion crystal technique introduced by W. P. 
Mason? has made possible the measurement of the 
viscous and elastic properties of liquids in oscillatory 
shear gradient at ultrasonic frequencies. A cylindrical 
crystal cut from piezoelectric material, undergoing a 
twisting deformation about the cylinder axis is oscillated 
in the liquid. Highly attenuated waves are set up, ex- 
tending under ordinary experimental conditions to a 
distance of a few hundredths of a millimeter. The radius 
of the cylinder can therefore be taken as infinite and the 


2 W. P. Mason, Trans. Amer. Soc. Mech. Eng. 69, 359 (1947) ; 
J. Coll. Sci. 3, 147 (1948). 
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hydrodynamic problem replaced by that of an infinitely 
extended plane yz oscillating parallel to itself. 

This problem of laminar motion has been considered 
by Stokes. In the case of a simple harmonic motion, 
assuming a time factor e*“* and for a liquid extending to 
infinity in the direction of the x-positive perpendicular 
to the yz plane, the velocity u of a sheet at the distance x 
from the moving plane is given by the following formulas: 


(8) 


B= (pw/2n)}, 
where %o is the maximum velocity of the plane yz and p 
the density of the liquid. 

The length /= 6" is of great importance as indicating 
the extent to which the motion penetrates into the 
liquid; / is the length over which the velocity is at- 
tenuated by a factor of e'=0.37. For a liquid having a 
viscosity 7=0.015 centipoise, a density p= 1 g/cm* and 
for a frequency 2X10‘ cps, /~5X 104A. 

The mechanical impedance Z y, of the liquid is readily 
shown to be 

Zu=RutiXu= (1+-7)(wpn/2)*], (9) 
where Ry and X¥y are respectively the mechanical 
resistance per cm? and the mechanical reactance per 
cm’. As a result of the liquid reaction the electrical 
resistance of the crystal is increased by an amount ARg 
while the resonant frequency is reduced by an amount 
Af. As shown by Mason? the experimentally determined 
quantities ARz and Af enable us to determine the mechan- 
ical resistance Ry and the mechanical reactance X y. 

If the viscosity of the liquid is a real quantity, the 
resistive and reactive part of the impedance are equal. 
However, if the liquid shows shear elasticity, that is if 
the viscosity is complex, Ry and Xy will no longer be 
equal. For ordinary light liquids the relaxation fre- 
quency f,=1/2m7r as calculated by Frenkel? is of the 
order of magnitude of 10" cps which is considerably 
above the capacity of any present day ultrasonic 
equipment. Indeed, for such liquids no departure from 
the ordinary viscous behavior was apparent within the 
accuracy of the method.? However, for very viscous 
liquids such as polymerized castor oil, Mason found that 
the resistive and reactive components are not equal, the 
resistance becoming progressively larger than the 
reactance at high frequencies. These liquids show the 
behavior expected when the viscosity is complex. Giving 
the viscosity in Eq. (9) the complex value (7), one ob- 
tains for the real coefficients 7 and 7 the following 
formulas previously derived by Mason using the elec- 
trical analogy 2 


n=(RaP?+X u’)?/(2RuX mop) 


r= (Ry?—Xy’)/(2wRyX y). 
If the liquid under study is a solution of long chain 
inolecules, certain new significant effects appear. Long 


3 J. Frenkel, Kinetic Theory of Liquids (Oxford University Press, 
London, 1946). 
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chain molecules are flexible and can take up many 
different configurations, some of which are more proba- 
ble than others; and if a molecule is distorted, it tends 
to return to a more probable shape when the stress js 
removed, with a speed which determines the relaxation 
time of the process. 

Long chain molecules liquids had previously been 
studied by means of other devices by various authors, in 
particular by Ferry. As shown by Mason,? the shear 
viscosity 7 as well as the shear elasticity u of polymer 
liquids can be determined by the torsion crystal 
technique. The improved precision recently obtained 
has made it possible to carry out similar measurements 
in dilute solutions of long chain molecules and to obtain 
results extrapolated to infinite dilution.®* We therefore 
may expect to obtain in this way information about the 
mechanical properties of a single chain molecule. 

For a solution of chain molecules, formula (9) cannot 
be applied without further attention because, due to the 
disturbances caused by the dissolved molecule, the 
motion is no more a purely laminar one, as in the case of 
a pure liquid. However, for the approximations we shall 
make in this paper, in the frequency range and for the 
molecular dimensions we shall consider, the solution 
will behave like an equivalent pure liquid having the 
same density p as the solvent but a complex viscosity 
n*. For an infinitely dilute solution at a given frequency, 
we shall use a complex viscosity having the same formas 
that of a pure liquid: 7*=7/(1+iw7). This particular 
form of the complex viscosity of the solution, which is 
chosen arbitrarily, is of secondary significance. The real 
coefficients » and 7, however, will depend on the 
concentration and the frequency in addition to the ind- 
vidual properties of the molecule. It will principally be 
our aim to find these relations, which will permit re- 
lating the experimentally determined quantities Ry and 
Xm to the molecular parameters. 

The existence of a complex viscosity for a solution of 
chain molecules had first been found by Kirkwood! 
using the Kirkwood-Riseman model of a necklace with 
partial draining.* But there seems to be some difficulty 
in obtaining practically useful conclusions from the 
theory because of mathematical complexity, and there- 
fore it seems reasonable to use simplified models, which 
may be suitable for understanding the essential features. 


II. VISCO-ELASTIC PROPERTIES OF AN INFINITELY 
DILUTE SOLUTION OF ELASTIC SPHERES 


3. The Molecular Model 


For studying the streaming double refraction of high 
polymer solutions the author has recently used as 4 


‘J. D. Ferry, Rev. Sci. Instr. 12, 79 (1941); Ann. New York 
Acad. Sci. 44, 313 (1943). 

. ‘a Mason, and Heiss (to be published in the J. Polymer 
ci. 
6 P. E. Rouse (private communication to the office of Rubbet 

Reserve). 
7J. G. Kirkwood, Proc. Int. Coll. Macromol. (Amsterdam, 
1949), p. 133. 
8 J. G. Kirkwood and J. Riseman, J. Chem. Phys. 16, 565 (1948): 
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model for the chain molecule a visco-elastic sphere 
characterized by the shear elasticity coefficient » of 
Lamé and the internal viscosity 7;.9 This model repre- 
sents the limiting case of complete impermeability just 
as Einstein’s rigid sphere’ does in the Brinkman-Debye 
theory!” of viscosity of high polymers. The predictions 
of the theory of flow birefringence of solutions of elastic 
spheres have been shown to be in qualitative agreement 
with experimental results on polystyrene solutions." 

The elastic sphere has also been shown to have in a 
steady flow velocity field with constant gradient a be- 
havior somewhat similar to that of a liquid drop.°® 

The same model will be used here, with the assump- 
tion that the elastic sphere be made of incompressible 
material. This assumption was not made for the theory 
of flow birefringence, but even then the elastic sphere 
behaves as incompressible, since the velocity field to 
which it is subjected is free from cubic dilatation. The 
\ coefficient of Lamé therefore does not appear in either 
of these theories. 

The solution will be supposed herein to be infinitely 
dilute. The pure liquid will be assumed to show no 
shear elasticity in the frequency range under investiga- 
tion. 


4. Approximations 


(a) One of the fundamental assumptions in the pre- 
viously mentioned work of Einstein, concerning the 
viscosity of a solution of rigid spheres, is that one can 
find a volume large compared with the dimensions of the 
molecule, over which the components of the velocity 
vary slowly enough so that only linear terms with re- 
spect to the space coordinates may be retained. In other 
words, the velocity gradient should be sufficiently con- 
stant over a distance d great compared with the diame- 
ter 2a of the molecule. For the particular motion® we are 
dealing with here, the velocity gradient G is given by the 
following formula: 


G=0du/dx= —uo(1+7)6[1—(1+7) Bx 
+[(1+7)?/2 ]6a?+ --- Je! (12) 


It may be considered as constant over a distance d such 
as 


Bd<1. (13) 


With the numerical values chosen previously for w, p, 10 


| the length J=8— is of the order of 5X104A. The pre- 


ceding conditions thus require that d~5X10°A, 2a~5 
X10°A. The diameter 2a of the molecule is about one- 
tenth of d, which itself is about one-tenth of J. This gives 
an idea of the approximation involved. Since the value 
2X10‘ chosen for the frequency N is not the highest 


“Een 


ie Cerf, J. chim. phys. 48, 59 (1951). 
7 A. Einstein, Ann. Physik 19, 289 (1906); 34, 591 (1911). 
H. C. Brinkman, Proc. Acad. Sci. Amsterdam 50, No. 6 
(1947); App. Sci. Res. Al, 27 (1947). 
P. Debye and A. M. Bueche, J. Chem. Phys. 16, 573 (1948). 


(wst) Cerf, J. chim. phys. 48, 85 (1951); J. Coll. Sci. 6, 293 
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frequency used in the torsion crystal method (this 
highest value is about 10°), a finer approximation may 
be necessary subsequently. However, the ideal condi- 
tions assumed to be fulfilled here could always be ap- 
proached by increasing the viscosity of the solvent; this 
procedure would both increase / and lower the relaxation 
frequency f;,. The increase of viscosity can be easily 
obtained by decreasing the temperature. 

The numerical value of the velocity gradient is of 
great significance since it enables us to calculate the 
amplitude of the periodic rotation of the molecule. The 
value of the velocity gradient depends on that of the 
amplitude m. A numerical example has been given by 
Mason? for the case of dimethyl-phtalate (7)»=0.178 
poise, p= 1.186). For a frequency V = 13,948 the maxi- 
mum linear velocity at the end of the torsion crystal was 
uo= 1.13 10-4 cm/sec, so that the maximum value Gp 
of the velocity gradient was of the order of 10~ sec. 
Let us now suppose a rigid sphere to be suspended in 
such a liquid. The instantaneous angular velocity Q of 
the sphere being G/2, the angular distance @ between the 
extreme positions attained by the sphere is G)/Q, and 
therefore @ is of the order of 5X 10~®. In other words the 
molecule undergoes an angular displacement which is 
only a very small fraction of a complete rotation. 

Once having accepted the approximation of homo- 
geneity of the velocity gradient over a distance great 
compared with the molecular dimensions, it is readily 
shown that all inertia terms may be neglected in 
calculating the viscosity of the solution. For example, a 
rigid sphere, with the previously considered diameter of 
510A could be considered as following both the 
translation and the rotation of the fluid with an ap- 
proximation far better than that we have just accepted 
(phase shift of the order of 7X10- for the translation, 
of the order of 2X10 for the rotation); also the 
disturbances resulting from the inertia term p(du/0#) in 
the hydrodynamic equations are not significant here, 
and these terms will be omitted below in Eqs. (15) 
and (16). 

As a consequence of the assumption that we may find 
an element of volume U great compared with the 
dimensions of the molecule over which the gradient is 
constant, we shall also be able to replace the solution by 
an equivalent pure liquid. At the surface of U the 
disturbance of the velocity caused by the presence of the 
molecule can be neglected. For a macromolecule in 
which the concentration of segments is ordinarily of the 
order of 1-2 percent it is reasonable to assume a specific 
weight equal to that of the surrounding liquid. Thus the 
center of gravity of the volume U moves as if this 
volume consisted of pure liquid. Since the velocity 
gradient can be considered as constant over U, elements 
like U may be taken as infinitely small elements of a 
pure liquid subjected to the velocity field (8). It follows 
immediately that for an infinitely dilute solution 
formula (9) is still valid. It only remains to calculate the 
complex viscosity of the solution. 
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(b) For molecules of the dimensions here considered 
the usual question of the influence of configurations 
deviating from the mean form arises. In order to study 
the effect of these configurations one may represent the 
chain molecule as has been done for the theory of 
streaming double refraction® by a sphere and a series of 
spheroids instead of a single sphere. Let us denote by 
a= 4 (1+d) any one of the principal axes of one of the 
preceding spheroids, ao being the radius of the unde- 
formed sphere. It has been shown? that the mean square 
value of the coefficient d is related to the elasticity 
coefficient «4 by the formula 


@=kT/30y, (14) 


where v is the volume of the molecule, k Boltzmann’s 
constant, and 7 the absolute temperature. For the 
samples of polystyrene for which u has been measured 
(molecular weight of the order of 150,000 and 200,000), 
d? is of the order of 0.06. Since the specific viscosity of a 
suspension of ellipsoids of revolution is a parabolic 
function of the axial ratio » and varies only slightly 
when # is about equal to one (variation of a few percent 
of the specific viscosity as long as p<2), it seems 
reasonable as a first approximation to neglect the effect 
of elongated configurations. It should also be noted that 
since the molecules undergo only an extremely small 
rotation in the ultrasonic field, no preferential orienta- 
tion of elongated configurations occurs. 


5. Visco-Elastic Properties of the Solution" 


The problem of finding the velocity inside the mole- 
cule as well as outside is now reduced to integrating 
with the proper boundary conditions at the surface of 
the particle the following system of equations. 

(a) Outside the molecule: 


noAu= a 


divu=0 





] 
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Fic. 1. Behavior of the specific viscosity as a function of the 
ane. H for given values of uw and mo and different values 
of ni. 


™R. Cerf, Compt. rend. 233, 1099 (1951). 
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(b) Inside the incompressible molecule: 
nAu+pyAo=0 | 


16 
dive=0 (16) 


where @ is the displacement inside the molecule. Since 
Au=(d/di)Ao for a periodic motion, the system (16) 
can also be written: 


ni*A4u=0 
} (17) 


divu=0 
ni*=nit (u/iw). (18) 


At the surface of the particle we shall write the usual 
boundary conditions, namely the continuity of the 
velocity as well as that of the stress. As soon as the 
velocity is known the viscosity of the solution is easily 
calculated along familiar lines. 

For solving a problem concerning the behavior of 
liquid drop subjected to a laminar flow, G. I. Taylor" 
has determined a velocity distribution which precisely 
obeys the conditions here required. The system of 
equations was both inside and outside the molecule 
identical to the system (15), the viscosity being replaced 
inside the particle by the viscosity 7’ of the drop. G. I. 
Taylor showed that, as long as small deformations are 
concerned, the term gradp vanishes inside the drop. 
Consequently the solution obtained by G. I. Taylor is 
also the solution of our problem, provided the viscosity 
n’ of the drop be replaced by the complex viscosity (18). 

The condition that the deformation of the molecule be 
small is automatically fulfilled at small frequencies. At 
high frequencies it is satisfied by making the additional 
assumption the real part 7; of the internal complex 
viscosity be great compared with 7. At very high 
frequencies the external form of the molecule is time 
independent and the principal axes of the deformed 
molecule are respectively parallel and perpendicular to 
the direction of propagation of the shear waves. 

The viscosity of the solution is readily deduced from 
G. I. Taylor’s calculations for the case where the in- 
ternal viscosity is a real quantity. The viscosity 7, of an 
infinitely dilute solution is given by the following 
formula: 


with 


(19) 


n'— "No 
_ no 142.507], 
n'+1.5n0 


where c is the volume concentration of the solution. 
Giving 7’ the complex value (18), the viscosity 1 
becomes a complex quantity 7* to which we may give 
the form (7) and deduce the corresponding values of the 
real coefficients 7 and 7; 7, of course, differs only slightly 
from mo, so that we may define a real specific viscosity 


no(mi+1.50)w? 0) 
No w+ (i +1.510)*w? 
16 G. I. Taylor, Proc. Roy. Soc. (London) A146, 501 (1934). 


n— No 
(sp) real = 





= 2541 —2.5 





(16) 
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The relaxation time 7 is given by the following formula : 


Lo 


t= 6.25¢ , 
w+ (ne +1.520)*w? 





(21) 


Since 7 is proportional to the concentration c of the 
solution, the coefficient 7 in the formula (7) is also here 
in first approximation the real part of y* as well as the 
absolute value of 7*. 

One will notice that the radius of the particle does not 
appear in formulas (20) and (21). 

Formula (20) shows that for w=0 the intrinsic vis- 
cosity is equal to [»]z=2.5, which is Einstein’s value 
for a solution of rigid spheres. This zero-frequency or 
steady-flow viscosity can be measured by means of a 
capillary tube. For increasing w the real part of the 
intrinsic viscosity [7 ]rea1 decreases. We may write 


(7 Jrcat 
=1-—H, (22) 
[ole 


where the term H has the following value: 


H=25 ancchlltatncl (23) 
"t+ (n+ 1.50)%o? 


For large values of w, H tends towards the limiting value 





70 


A mx = 2.5———_-, 
nst+1.5n0 


(24) 


which is smaller than one, since we have assumed 7; to 
be great compared with mp. 

On the other hand, the relaxation time 7, which for 
small concentrations c is proportional to c, tends toward 
zero for very high frequencies; in other words, for very 
high frequencies the behavior of the solution approaches 
that of a pure liquid. For very small values of w the 
ratio r/c tends toward the limit 


(1/€)omo= 6.25 (n0/u). (25) 


Although the coefficients » and 7; will usually depend 
on the frequency, we shall give for purposes of illustra- 
tion the curves for the case where u and 7; are frequency 
independent, that is to say, for the case of a single 
retardation process. Figure 1 shows the behavior of the 
term H with respect to the frequency for given values of 
u and mo and different values of the internal viscosity 7,. 
Figure 2 shows the corresponding + curves. The fre- 
quency range on both figures has been limited to an 
upper value such as w= 10°, 

The frequency of the inflexion point both for the H 
curve and the 7 curve is given by 


1 m 


ee (26) 
Cette 
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Fic. 2. Behavior of the relaxation time as a function of the 
frequency. r/c for given values of u and mo and different values 
of N.- 


Some important conclusions may be drawn from Eqs. 


(20) and (21). 


(a) These formulas allow us to determine for each 
value of the frequency the molecular parameters yu and 
ni. One will remember that streaming double refraction 
measurements also allowed one to determine these 
coefficients®:!* but only for the case when w=0. There is 
obviously a great advantage of combining the informa- 
tion obtained by both techniques, ultrasonic shear 
waves and streaming double refraction; this point will 
be discussed in more detail in the following section. 

(b) The formula (21) shows that the temperature 
dependence of the elasticity coefficient u, of the solution 
is reversed at high frequencies. Indeed, writing v= 7; 
+ 1.59 we can deduce from (21) that 


du,/dt=1/6.25cw[_(u?— v?w*)(du/dT)+ 2uvw?(dv/dT) |. 
(27) 
Assuming u to be proportional to T and + to be of the 
form 


v=const Xe~@7, (28) 


where a@ is a constant, it is seen that at the temperature 
T, du,/dt=0 for 
w= p/v(1+2aT). (29) 


For low frequencies, when w<y/v(1+2aT), (du,/dT) 
>0. For high frequencies, when w>yp/v(1+2aT), 
(du,/dT)<0. In other words one would expect the 
elasticity coefficient 4, of the solution to show at high 
frequencies an apparently abnormal temperature de- 
pendence, that is to say to decrease when the tempera- 
ture increases. 


III. COMPARISON WITH EXPERIMENTS 
6. Qualitative Comparison 


The comparison between theory and experiments will 
be carried out on the basis of the previously mentioned 
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Fic. 3. Deformability 1/u of polystyrene as a function of 
frequency and molecular weight. Molecular coefficient calculated 
by formula (32) from data of Rouse and of Baker, Mason, and 
Heiss. 


results of Baker, Mason, and Heiss® and of Rouse.* The 
whole of the experimental results is in qualitative 
agreement with the preceding theory. 


(a) The curves in Figs. 1 and 2 give qualitatively the 
right frequency dependence of ['7 }rea1 and 7/c, that is to 
say, a decrease of [7 |rea1 aS well as of 7/c when the 
frequency increases. The dispersion occurs in a fre- 
quency range which is not out of reason considering the 
numerical values of u and n; obtained for polystyrene by 
means of streaming double refraction measurements.!* 
This point, however, will be discussed in more detail in 
Sec. 8. 

(b) The experiments show that the elasticity coeffi- 
cient of the solution calculated according to formulas 
(10) and (1) indeed increases very rapidly when the 
concentration decreases, at least in the field of small 
concentrations, according to formula (21). 

(c) One would expect the molecular coefficient u to be 
the factor mainly affected by changes in molecular 
weight and in solvent power in the expression of the 
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Fic. 4. Internal viscosity »; of polystyrene as a function of 
frequency and molecular weight (molecular coefficient calculated 
by formula (33) from data of Rouse and of Baker, Mason, and 
Heiss). 


term H (formula (23)); also u should decrease both 
when the molecular weight increases and the solvent 
power increases. Therefore one would expect 7 to in- 
crease, that is to say, the solution to depart more and 
more from the ordinary viscous behavior as the molecu- 
lar weight increases or the solvent power increases, 
which the experiments indeed show. 


The temperature dependence of the elasticity coeffi- 
cient yu, of the solution will be examined in full detail in 
Sec. 8. 


7. Determination of the Molecular Coefficients 
u and Nn; 


The assumption previously made of a complete 
impermeability of the coil means that the steady flow 
viscosity is given by the formula of Einstein for a solu- 
tion of rigid spheres.” The volume concentration c of the 
solution can thus be obtained from the steady flow 
viscosity, and the formulas (20) and (21) then allow us 
to calculate from the experimentally determined quanti- 
ties the molecular coefficients u and 7; for each value of 


yr 
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(30) 


(31) 


wand v= 4,;+1.5m are given by the following formulas: 


r 
= (32) 


= p2A ey2s? 
s 
y=———_. (33) 
rb w?s? 


These formulas will be used for interpreting the re- 
sults of P. E. Rouse,* who has investigated among other 
polymers four samples of polystyrene dissolved in 
toluene designated as (B+C), (Az), (A), (A1). The 
molecular weight determined from viscosity measure- 
ments is, respectively, 2,070,000, 2,570,000, 3,800,000, 
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and 6,860,000. Polymers (A1) and (Az) are fractions. 
The measurements were carried out at two tempera- 
tures: 11.2°C and 49.8°C. The results are expressed by 
means of a modified Maxwell element, that is to say, the 
complex viscosity of the solution is expressed in the 


form 
n*=no+[nm/(1+iwr) ]. (34) 


Before using formulas (30)-(33) we have therefore 
made a transformation so as to express the data by 
means of an ordinary Maxwell element according to 
Eq. (7). 

Rouse has carefully investigated the concentration 
dependence of the effect. The quantity 7/c involved in 
Eq. (30) appears to be particularly difficult to extrapo- 
late to zero concentration. The extrapolated value is, 
however, quite reliable for sample (B+C) at both 
temperature 11.2°C and 49.8°C and for sample (A 2) and 
(A) at 11.2°C. 

Figures 3 and 4 show respectively the behavior of 1/u 
and ; with the frequency for samples (B+-C) and (A) at 
11.2°C. On the same figure are reported results of 
Baker, Mason, and Heiss'* on polystyrene of molecular 
weight 130.000. This sample, designated as Pyzz, is the 
one the author of this paper has previously studied by 
means of streaming double refraction measurements."* 
The results, which have been obtained at 30°C using 
benzene as a solvent, will be discussed in detail in 
Sec. 9. 

The coefficient ~ appears to increase with the fre- 
quency while »; is rather frequency independent for 
polymers (B+C) and (A) and decreases when the 
frequency increases for polymer Py77. The fact that the 
coefficient » is frequency dependent is evidence for a 
distribution of retardation processes. It is believed that 
giving the frequency dependence of the molecular 
coefficients will be a convenient way of expressing the 
existence of such a distribution. 

The deformability 1/u increases when the molecular 
weight increases, while the internal viscosity decreases 
as the molecular weight increases. 

Figures 5 and 6 show the u and 7; values for polymer 
(B+-C) at both temperatures 11.2°C and 49.8°C. The 
coefficient increases, while the coefficient n; decreases 
for increasing temperature. It can be seen that the zero 
frequency value of 7; does not seem to depend very 
much on the frequency. Since the zero frequency value 
of ; is that which is obtained by streaming double 
refraction measurements (see Sec. 9), this last conclusion 
gives some support to the assumption we had made for 
interpreting flow birefringence data, i.e., 7; is as a first 
approximation temperature independent.” 


8. Temperature Dependence of the Elasticity 
Coefficient u, of the Solution 


The prediction of the theory concerning the ap- 
parently anomalous temperature dependence of yu, at 
es 


l . . . 
* Baker, Mason, and Heiss (personal communication). 
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Fic. 6. Internal viscosity n; for polystyrene (B+) as a function 
of frequency and temperature (molecular coefficient calculated by 
formula (33) from data of Rouse). 


high frequencies is illustrated in Fig. 7 which gives the 
(cus)exo Values for polymer (B+C) deduced from the 
data of Rouse. Indeed at high frequencies the coefficient 
Ms is a decreasing function of the temperature. 

Figure 5 on the other hand, shows that over the whole 
range of frequencies the molecular coefficient u has ap- 
parently a normal behavior. From Fig. 5 a reasonable 
zero frequency value of this coefficient at 11.2°C and 
49.8°C can be obtained. Formula (25) then gives the 
value of the coefficient u, for the solution at zero 
frequency, where it has a normal behavior, that is to say 
increases when the temperature increases. The zero 
frequency values of (cu)-~o are also given in Fig. 7. 

Although it is difficult to draw curves since few 
experimental points are available, one can obtain a 
tentative value for the frequency at which both curves 
corresponding to the temperature 11.2°C and 49.8°C 
should cut each other. This frequency, which is about 
N=900 cps seems to correspond well to the theoretical 
one evaluated on the basis of formula (27). The coeffi- 
cient a appearing in that formula is easily evaluated 
from the experimental data. The question as to whether 
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Fic. 7. Behavior of the elasticity coefficient 4, of the solution 
as a function of frequency and temperature for polystyrene (B+-C) 
(from data of Rouse). 












































































TABLE I. The uw and 7; values for polystyrene P77. 











Method Solvent Temperature yu ni 
Flow birefringence cyclohexanone 20°C 7X10° 0.3 
Ultrasonic shear waves benzene 30°C =2x10® 0.035 








this coincidence between theory and experiments is 
significant will have to be reinvestigated as soon as data 
are available for lower frequencies. 


9. Comparison with Flow Birefringence 
Measurements 


Flow birefringence measurements provide a method 
for determining the coefficients u and 7; in a steady flow 
at zero frequency from the zero gradient behavior of the 
extinction angle of the solution." 

If the elastic sphere model has a quantitative signifi- 
cance for chain molecules, the values of » and 7; thus 
obtained must coincide with those one can deduce from 
shear waves measurements by extrapolating to zero 
frequency. The previously mentioned results of Baker, 
Mason, and Heiss'* on the polystyrene sample P77; allow 
a comparison which, however, has a very tentative 
character because of the following reasons: (a) The 
sample Prrr is not fractionated. (b) It has not been 
possible so far to use in the ultrasonic measurements the 
solvent which had been used in the streaming double 
refraction measurements (cyclohexanone). (c) The 
ultrasonic measurements were carried out only at one 
concentration, namely 1 percent. However, according to 
Baker, Mason, and Heiss one can extrapolate linearly to 
zero concentration the experimentally determined 
quantities Ry and X y for a polymer of such low molecu- 
lar weight. 

While the extrapolation to zero frequency of u seems 
to be rather reliable, the extrapolation for 7; is more 
difficult. The resultant zero frequency values of u and 
n« are tabulated herein together with the values obtained 
by means of flow birefringence measurements. 

- Since benzene is a better solvent than cyclohexanone, 
it is not surprising to obtain lower values both for u and 
ni, When using benzene. However, the gap for the 7; 
values seems hard to explain on that basis. Considering 
the previously mentioned tentative character of the 
present comparison we shall draw from these experi- 
ments only very preliminary conclusions, namely that 
theories based on the elastic sphere model lead to the 
right order of magnitude of the molecular coefficients, 
but do not have a quantitative value, at least for low 
molecular weights, of the order of a few hundred 
thousand. 

At high frequencies there are some limitations to the 
presented theory which concern the inertia terms and 
the relative magnitude of the internal viscosity n; and 
the solvent viscosity no (see Secs. 4 and 5). These limita- 
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tions, however, cannot be responsible for the lack of 
agreement, since we are dealing with the zero frequency 
values of the molecular coefficients. It seems, therefore, 
that the model itself is insufficient, at least for low 
molecular weights. This is not an unexpected conclusion, 
and it would seem desirable to take into account the 
permeation effect using, for example, the Brinkman- 
Debye model.” 


IV. CONCLUSIONS 





(1) The present theory for the frequency dependence 
of the viscosity of dilute solutions of elastic spheres, 
which represents for solutions of chain molecules the 
limiting case of complete impermeability, gives a good 
qualitative representation of all the experimental results 
on ultrasonic shear waves. This theory seems in par- 
ticular to provide an explanation for the apparently 
anomalous temperature dependence of the elasticity 
coefficient of dilute solutions at high frequencies. 

(2) It is of great interest to combine results of high 
frequency viscosity and flow birefringence measure- 
ments, since they should, in the ideal case of elastic 
spheres, lead to the determination of both the 4 
elasticity coefficient and the internal viscosity of the 
particle. While flow birefringence measurements only 
lead to the zero frequency values of these coefficients, 
measurements by ultrasonic shear waves give them asa 
function of frequency, thus providing method of great 
value for investigating the mechanical properties of high 
polymers. 

(3) For polystyrene the yu elasticity coefficient in- 
creases rapidly with the frequency, showing the exist- 
ence of a distribution of retardation processes. 

(4) On the basis of preliminary measurements of high 
frequency viscosity and of flow birefringence on a 
sample of polystyrene of molecular weight 130.000, it is 
seen that the elastic sphere model leads to an order of 
magnitude for the molecular coefficients which is not 
out of reason. However, it seems likely that this model 
will not have a quantitative significance for a chain 
molecule of such low molecular weight. This quite ex- 
pected conclusion, if confirmed, will make it desirable to 
take into account the effect of permeation. 
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ount the 


inkman- The investigation of the pyrolysis of n-propyl-benzene by the “toluene carrier” technique revealed that 


this compound decomposes initially into benzyl and ethyl radicals: 
C,H; . CH: ° C.H;—-C,H; . CH, . + C:Hs. 


Ethyl radicals decompose rapidly into ethylene and hydrogen atoms. The hydrogen atoms reacting with 
toluene produce Hz or CHy. The rate of the initial dissociation process can be measured by the rate of 





pendence formation of C2 hydrocarbons. 

spheres, It was shown that the decomposition is a homogeneous, first-order gas reaction. The activation energy was 

cules the estimated at 57.5 kcal/mole, the frequency factor at 3.10 sec. It appears that the activation energy is equal 

$ a good to D(CsH;-CH2—C:Hs). Since the heat of formation of benzyl radicals is known, the estimation of 

al iceaie D(Cs6Hs-CH2—C2Hs) leads to the value for the heat of formation of ethy] radicals, i.e., 

Ss in par- AH,;(C2H5) ~ 22 kcal/mole. 

yparently The latter value makes it possible to evaluate various relevant bond dissociation energies, i.e., D(C2H;— H) 

elasticity ~94+4 kcal/mole. 

es. 

s of high 

measure- HE purpose of this paper and of the following one Similarly, the pyrolysis of benzyl-amine* appears to be 

of elastic is to report our experimental results, which enable correctly described by the equations 

h the u us to estimate the C—H bond dissociation energies in x * ‘i 

‘y of the some simple aliphatic hydrocarbons. The method used ie 5 Celis CHs- NH s+Celly-CHs- + NH3-, 

nts only in these studies has been reported elsewhere,! and ‘ . 

efficients, consequently we are giving here only a brief account of Cells: CHs + NH2-—>CoH- CH: +NHi. 

them as a the principles involved. These results imply, therefore, that one might de- 

of great One way in which the R—H bond dissociation energy _ termine the CsH;-CH2—R bond dissociation energy by 

es of high might be determined involves the investigation of the measuring the activation energy of the pyrolysis of 
pyrolysis of a derivative of R, namely CsH;-CH2-R. C,Hs-CHz2-R in an excess of toluene. Having obtained 

cient in- Since the resonance energy of benzyl radicals is large, the value for D(CsHs-CH:—R) one proceeds to cal- 

the exist- one might expect that the CsH;-CH2—R bond would be culate the heat of formation of radical R, AH,(R), by 

: the weakest one in the molecule CsH;-CH2-R. Conse- making use of the relationship, 

ts of high quently, the pyrolysis of such a compound would result . : . 

ce on a in the rupture of the CsH;-CH.—R bond, i.e., D(Ce6Hs- CH:— R)= AH (CoH CH») ' 

.000, it is 2 + AH ;(R)—AH ;(CeHs-CHe- R).* 

eee C.H;: CH2: R-C.sHs:CH2-+R.-. (1) ; 

The evaluation of AH ;(R) makes it possible to calculate 

ch 1s not Ih the presence of an excess of toluene, reaction (1) the required R—H bond dissociation energy by applying 

his model might be followed by a fast reaction (2) the equation 


- a chain 
quite ex- 
sirable to 


ititude to 


C.sH;-CH;+ R-—C.H;:CH2:+RH, (2) 


which would remove radicals R as rapidly as they were 
formed. Under these conditions, the rate of formation of 
RH would measure the rate of the initial dissociation 
process (1). 

The mechanism of decomposition suggested above has 
indeed been verified on several occasions; e.g., the 


In the present investigation the method described 
above has been used for determining the C—H bond 
dissociation energy in ethane. We studied the pyrolysis 
of n-propyl-benzene, using toluene as carrier gas. It 
seems that n-propyl-benzene decomposes into benzyl 


inspiring nag ysis ! P and ethyl radicals.f 

boratory. pyrolysis of ethylbenzene? appears to proceed according : ; 

he trip to to the equation CoHs-CH2-CoHs—>CoHs-CH2-+CoHs-. (3) 
pratefully C.H;-CH,-CH;—>C,H;-CH,:+CH;-, However, at the high temperatures (above 600°C) in 
r, Mason, the latter dissociation process being followed by the ; M. Szwarc, Proc. Roy. Soc. (London) A198, 285 (1949). 
vaic shea reaction AH;(CsH;-CH:2)—i.e., the heat of formation of benzyl radi- 


with the 
ries, and 


C.Hs ° CH;+ CH; -—C,.H; ° CH, : +- CHg. 


‘M. Szwarc, Chem. Revs. 47, 75 (1950); Proc. Roy. Soc. 
(London) A207, 5 (1951). 
*M. Szwarc, J. Phys. Chem. 17, 431 (1949). 


cals, has been estimated at 37.5 kcal/mole by investigating the 
pyrolysis of toluene (see e.g., reference 1). The heat of formation of 
CsH;-CH2-R can be obtained by the standard thermochemical 
methods. 

TA similar conclusion might be drawn from the results of 
pyrolysis of n-propyl-benzene investigated by A. Dobryanskii, 
Chem. Abstracts 31, 5334 (1937). 
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TABLE I. Analysis of the Cz fraction. 











Pu: used in C2H. 

hydrogenation 9 ————————- 

Run Poe mm Hg mm Hg C: hydrocarbons 
8 37 33 0.90 
9 48 38 0.80 
10 39 33 0.85 
11 136 137 1.00 
13 110 112 1.00 
44P 85 76 0.90 
45P 31 30 0.97 
47 P 33 29 0.88 








which our experiments have been carried out, ethyl 
radicals do not appear to react with toluene according 
to Eq. (2) but rather to decompose according to Eq. (4), 


C.H;:-—C2Ha+ H. (4) 


This behavior of ethy] radicals is not at all surprising in 
view of the very low dissociation energy of the C—H 
bond in the ethyl radical! D(-CH,-CH,—H)~40 
kcal/mole, and indeed similar observations have been 
reported recently by Bywater and Steacie.* 

Hydrogen atoms, produced in reaction (4), seem to 
react rapidly with toluene, and the previous studies by 
one of us® suggest that the following reactions take 
place: 

C.sH;-CH;+H—-C,H;-CH2-+H, (5) 
and 
C.H; ’ CH;+ H-—-C,H.+ CH; wi (6) 
followed by 


CeHs-CH3+ CH3:—CsH;- CH2: + CHa. (7) 


This mechanism of pyrolysis of n-propyl-benzene 
requires therefore that one mole of CsH;-C3H; de- 
composed should produce one mole of ethylene, one 


TABLE II. 











Exp. T°K (H2+CHs)/CoH«e Exp. - T°K (Ha+CHa)/C2Hs 
30 887 0.82 27 940 0.94 
26 888 1.13 16 943 0.89 
25 889 0.82 12 944 0.87 
31 891 0.99 13 945 0.83 
29 893 0.91 28 947 0.91 
47 P 900 0.95 8 948 0.99 
23 904 0.72 40 949 0.91 
21 906 0.90 32 956 0.91 
43 912 1.50 (?) 6 969 0.88 
41 917 0.97 9 969 0.91 
24 918 0.96 17 984 0.83 
42 920 0.97 18 987 0.84 
22 921 1.00 33 987 0.89 
39 927 0.92 34 1000 0.83 
44P 927 0.86 7 1004 0.54 (?) 
14 930 0.96 37 1005 0.77 
10 932 1.05 38 1017 0.80 
11 935 0.91 36 1019 0.81 
45 P 937 0.86 35 1036 0.80 
15 938 0.90 








4S. Bywater and E. W. R. Steacie, J. Chem. Phys. 19, 326 
(1951). 
5M. Szwarc, J. Chem. Phys. 16, 128 (1948). 
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mole of Hz or CH, and one mole of dibenzyl. The 
experimental evidence seems to support these con- 
clusions. The pyrolysis of n-propyl-benzene produced C, 
hydrocarbons, and hydrogenation of the latter proved 
it to be composed mainly of ethylene (see Table J). 
In addition to the C; hydrocarbons, permanent gases 
composed of Hz and methane were formed in the pyrol- 
ysis, their amounts corresponding roughly to the re- 
quired molar proportion of one C2H, for one H.+ CH, 
(see Table II). 

Previous studies of the pyrolysis of toluene® indicated 
that the molar ratio of hydrogen to methane produced 
by reactions (5) and (6) should be approximately 6:4 
(i.e., about 60 percent of hydrogen should be present in 
the mixture of H.+ CH, formed in the pyrolysis). Also 
this conclusion seems to be confirmed by our results 
(see Table III). Finally, the formation of dibenzy| 
proves beyond any doubt that the pyrolysis of 2-propy| 
benzene occurs via a radical split. 

The significance of the formation of dibenzy] in this 
reaction becomes evident when one compares the results 











TABLE III. 

Run ie 4 H2/(H2+CHs) 
30 887 0.60 

41 917 0.60 

42 920 0.61 

39 927 0.60 
44P 927 0.58 

14 930 0.52 (?) 
10 932 0.59 
45 P 937 0.59 

13 945 0.61 

8 948 0.27 (?) 
40 949 0.55 

6 969 0.64 

9 969 0.70 

7 1004 0.60 















of the pyrolysis of n-propyl-benzene with those ob- 
tained by us for the pyrolysis of ethyl-bromide. These 
experiments have been carried out under the same 
experimental conditions as those performed with 
n-propyl-benzene. The products were ethylene and HBr 
accompanied by minute quantities of dibenzyl and per- 
manent gases (see Table IV). It seems therefore that 
the pyrolysis of ethyl bromide takes place mainly by 
the molecular decomposition 


C.H;- Br-C.H,+ HBr, 


the latter being accompanied to a very small extent by 
the radical decomposition 


CoH; fe Br—C.H; . - Br. 


We have to consider now the two possible deviations 
from the scheme suggested above. The analysis of the 
C, hydrocarbons fraction does indicate the presence of 
small amounts of ethane (see Table I), and the molar 
ratio of (H2+CH,)/(C2 hydrocarbons) is slightly 
smaller than the predicted value of 1. Both these ob- 
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HEAT FORMATION OF ETHYL RADICAL 


servations suggest that a small fraction of ethy] radicals, 
produced in the initial dissociation process, react with 
toluene according to Eq. (8) 


Co.H;- CH;+ C.H;-—>CeH;- CH: + CoH. (8) 


The extent of reaction (8) can be estimated by the 
following calculations. The activation energy of reaction 
(8) might be taken at 8-10 kcal/mole by analogy with 
the value of £ for the reaction CsH;-CH;+CH;:— 
C;Hs- CH2-+CH,,° its temperature independent factor 
being most probably of the order of 10" cc/moles sec.’ 
The concentration of toluene is of the order of 3.10~7 
mole/cc, the temperature about 900°-1000°K, and, 
therefore, the rate of reaction (8) appears to be of the 
order of 10®-[CsH; | moles/cc sec. On the other hand, 
the rate of the unimolecular decomposition of ethyl 
radicals, i.e., the rate of reaction (7), is most likely given 
by the expression ~10" exp(40,000/RT) -[(C2H; ] moles/ 
cc sect i.e., it appears to be of the order of 10°C.H; | 
moles/cc sec. It seems, therefore, that a few percent of 
ethyl radicals would react according to Eq. (8), and this 
proportion might be sufficient to account for the amount 
of ethane observed and for the values of the ratio 
(H:+CH,)/(C2 hydrocarbons) listed in Table IT. 


TABLE IV. Pyrolysis of ethyl-bromide. 














HBr CoH, Dibenzyl (H2+CHs) 
_ Ptotat PcoHsBr 
TK mmHg mmHg C2HsBr C2HsBr C2HsBr Ce2HsBr 
906 13.1 2.44 0.71 0.0012 0.0087 
941 12.9 2.39 0.83 see tee 0.012 
978 13.0 2.41 0.80 0.0054 0.018 








One has to consider also the possibility of dispro- 
portionation of ethyl radicals. Their rate of formation is 
given by the rate of reaction (3), and the rate of their 
disappearance is probably 10*-10‘C.H;- | moles/cc sec 
(computed from the preceding calculations). The con- 
centration of 2-propyl-benzene is about 10-* mole/cc, 
and thus the stationary concentration of ethyl radicals 
appears to be of the order 10-'-10-” mole/cc. If the 
activation energy for disproportionation is zero and the 
temperature independent factor even as high as 10-10" 
cc/moles sec then only a few percent of ethyl radicals 
might undergo disproportionation. 


KINETICS 


The above discussion convinces us that the rate of 
initial dissociation (3) can be conveniently measured by 
the rate of formation of C, hydrocarbons, and all the 
kinetic results reported in this section are calculated on 
the assumption that one mole of C; hydrocarbons formed 


V_—_—_ 


‘A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 19, 329 (1951). 

™M. G. Evans and M. Szwarc, Trans. Faraday Soc. 45, 940 
(1949); M. Szwarc, Faraday Soc. Disc. 10, 143 (1951). 

t The value of ~40 kcal/mole for the activation energy of this 
reaction is derived in the last part of this paper. 
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TABLE V. 
Exp.* ) i * k-102 sec™! k900°K: 10? sec™* 
29 893 3.0 cB 
47 P 900 a0 3.5 
23 904 5.0 3.7 
k927°K*10? sec™! 
39 927 11.6 11.6 
44P 927 11.0 11.0 
14 930 11.0 10.0 
k937°K +10? sec™! 
11 935 12.0 12.9 
45P 937 17.7 17.7 
15 938 14.0 13.6 
k975°K +10" sec 
6 969 34 41 
9 969 35 42 
49 P 971 61 69 
50 P 982 88 66 
17 984 54 30 








8 Experiments carried out in the packed reaction vessel are denoted by P. 
The surface was increased by a factor of 15. 


corresponds to one mole of m-propyl-benzene de- 
composed. 

The apparatus and experimental technique have been 
described elsewhere (see e.g., reference 2), and these 
subjects are omitted therefore, in the present com- 
munication. Two samples of n-propyl-benzene were 
investigated: one acquired commercially from B.D.H. 
and the second kindly supplied to us by Professor F. D. 
Rossini.§ The results of pyrolyses of both samples were 
identical, proving that our observations were not 
affected by any impurities which might be present in 
either sample. 

The pyrolysis of x-propyl-benzene was studied in the 
temperature range of 610°-760°C. The packing of the 
reaction vessel with silica wool, which increased the 
surface by a factor of 15, affects only slightly the rate of 
decomposition (see Table V and Fig. 1), thus proving 
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Fic. 1. (In the nomenclature change E=58.5 to E=57.5 kcal/ 
mole; change v= 5X 10"? to 3X10" sec™.) 


§ We take this opportunity of thanking Professor Rossini for his 
kind assistance. 
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TABLE VI. 








Time of 
contact % 
decomp. 


» k-102b 
sec! 


PPh.-C3H7 


Ptotal 
mm Hg sec 


mm Hg 


16.1 
16.0 
16.0 
16.1 
16.1 
12.7 
13.8 
13.6 
12.1 
11.8 
13.8 
11.4 
13.9 
12.0 
12.7 
14.3 
12.3 





al 
nS 


1.27 
1.63 
1.30 
1.24 
1.35 
0.67 
0.58 
0.44 
0.35 
0.30 
0.76 
0.33 
1.27 
0.28 
0.64 
0.94 
0.85 
0.73 
0.89 
0.54 
1.30 
0.63 
0.84 
0.88 
1.48 
1.28 
0.28 
0.30 
0.74 
0.93 
0.64 
0.71 
0.33 
0.43 
0.31 
0.29 
0.87 j 
0.29 0.42 
0.33 0.42 
0.30 0.42 
0.39 0.41 
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34.0 
42.0 129 
43.0 


12.1 59.0 215 








® Experiments carried out in the packed reaction vessel are denoted by P. 
b The quoted values of k are rounded up to two decimals. 


that the process investigated was a homogeneous gas 
reaction. The first-order character of the decomposition 
was demonstrated by varying the partial pressure of n- 
propyl-benzene by a factor of 5 (from 0.3 mm Hg to 1.5 
mm Hg), and the time of contact by a factor of 5 (from 
0.4 sec to 2 sec). Finally, it was shown that the variation 
of the partial pressure of toluene from about 5 mm Hg 
to 16 mm Hg also did not affect the rate of the pyrolysis 
of n-propyl benzene. Table VI summarizes all the results 
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obtained over the whole temperature range of about 
150°C. The plot of log-k versus 1/T is given in Fig. 1, the 
straight line corresponding to the activation energy of 
57.5 kcal/mole and the frequency factor of 3.10" sec} 


BOND DISSOCIATION ENERGIES 


The experimental results discussed in previous sec- 
tions support the conclusion that the activation energy 
of the initial dissociation process 


C,H; = CH, : C.H;—-C,H; . CH, . + C.H;- 


is 57.5 kcal/mole. Making the plausible assumption that 
the reverse process, i.e., the recombination of benzyl and 
ethyl radicals, takes place without any activation energy, 
we deduce that 


D(C.H;s- CH.— C.H;) = 57.5 kcal /mole. 
Using the equation 


D(C,Hs- CH.— C.H;s) = AH ;(CeHs- CH) 

+ AH ;(C2Hs5) — AH »(CeH5- C3H;) 
in conjunction with the values for AH;(CsH;5-CH,) 
= 37.5 kcal/mole! and AH;(CsH;-C3H7)=1.9 kcal 
mole, we calculate the heat of formation of ethy] radicals 
at 

AH ;(C2Hs) = 22 kcal/mole, 


and in view of various uncertainties we regard this value 
as not better than +4 kcal/mole. 

Having the heat of formation of ethyl] radicals we are 
now able to calculate various relevant bond dissociation 
energies, namely: 

D(C:H;—H) + 94+4 kcal/mole 

D(C:H;— CH;) ~ 80+4 kcal/mole 

D(C.H;— C:H;) ~ 768 kcal/mole 
D(-CH.-CH.—H) + 41.544 kcal/mole. 

The following interpretation can be given to the 
last result. If the activation energy for the reaction 


C.H,+H-C.H; 


is negligible, then the dissociation of ethyl radicals 
corresponds to an activation energy of about 40 
kcal/mole (see in this connection reference 4). 


|| Calculated by the least square method without taking into 
account the results obtained in the packed reaction vessel. 
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It has been shown that the pyrolysis of m-butyl-benzene results 
in its dissociating into benzyl and n-propy] radicals, 


CsH;: CH2- CH,- CH2- CH; CH; CH2: + -CH2-CH2-CHs, (1) 


and the propyl radicals subsequently decompose to give ethylene 
and methyl radicals, CH;- CH2-CH2-—>*CH;-+C2H,. By the use 
of the toluene-carrier technique, it has been possible to measure the 
rate of reaction (1) by measuring the rate of formation of ethylene. 
The activation energy of reaction (1) has been thus determined at 
65 kcal/mole. The latter value has been identified with the 
CsH;-CH2—C3H; bond dissociation energy, i.e., D(CsH;-CHe 


— CH2-CH2-CH3)=65 kcal/mole. Since D(CsHs-CH2:—C;H7) 
= AH ;(C.H; ° CH.) +AHs(n— C3H7) = AH s(n . C,H; . C4Hg) and 
AH s(Ce6H;-CH2) = 37.5 kcal/mole, one may compute the unknown 
value for AH;(n—C;H7), namely, AH,;(CH;-CH2-CH:-) ~24 
kcal/mole. Having AHs(n—C;H7), we calculated the dissociation 
energy of the primary C—H bond in propane at D(C;H;—H) 
=AH,;(n—C;H7)+AH,(H) — AH;(C3;Hs)~ 100 kcal/mole. This 
value for D(CH;-CH,:CH.—H) is compared with the findings of 
other workers. It agrees well with the recent findings of Stevenson, 
although the existing indirect chemical evidence seems to require 
a lower value. 





HE investigation of the pyrolysis of n-butyl- 
benzene provides some data of use for the calcu- 
lation of the dissociation energy of the primary C—H 
bond in propane. It appears that the pyrolysis of n- 
butyl-benzene takes place by its dissociation into benzyl 
and 2-propy] radicals, 


C.H;- CH, : CH, ’ CH. " CH;—> 
CsH;-CH2-+-CH2-CH2-CH3. (1) 
At the high temperatures of our experiments (i.e., above 


600°C), the propyl radicals, produced by reaction (1), 
decompose rapidly into ethylene and methy] radicals 


CH;-CH»-CH»:-—CH3-+CoHg. (2) 


This reaction is facilitated by the low dissociation 
energy of the CH;— CH 2-CHz::- bond which is probably 
less than 25 kcal/mole. The presence of an excess of 
toluene in these experiments facilitates a rapid removal 


TABLE I. 








(CH4+H2)/C2He 


0.71 
0.69 
0.65 tee 
0.75 0.18 
0.79 0.20 
0.95 0.22 
0.81 0.15 
0.71 0.27 
0.69 one 
0.66 

0.69 nae 
0.72 0.23 
0.79 ose 
0.78 0.39 
0.71 ds 
0.71 +e 
0.73 0.18 
0.79 0.24 
0.63 0.34 
0.67 Ths 
0.67 0.20 
0.74 eee 
0.85 

0.65 


H2/(CH4+H2) 











of methy] radicals by reaction (3) 
C.H;-CH;+ CH;:—C,H;- CH2- +CH,. (3) 


The mechanism of decomposition described by reac- 
tions (1), (2), and (3) demands, therefore, the formation 
of one mole of ethylene, of methane, and of dibenzy] 
for every mole of u-butyl-benzene decomposed; and 
indeed, it appears that this simple scheme applies to the 
main mode of decomposition of m-butyl-benzene. 
Ethylene,! methane, and dibenzyl were found to be the 
main products of the pyrolysis, and the formation of the 
latter compound leaves no doubt as to the radical 
character of the decomposition. It seems, however, that 
the main decomposition, described by Eqs. (1)—(3), is 
accompanied by some side processes. This is indicated 
by the presence of small quantities of hydrogen in the 
products of the pyrolysis, and by the molar ratio of 
CH,/C:H,, which was smaller than unity (Tables I 
and IA). 

The formation of hydrogen might be a result of 
reaction (4) 


C.H;- CH, . CH, C.H;-C,H;- CH : CH . C.H;+ Hoe. (4) 


The occurrence of this reaction does not affect our 
further conclusions, and it is, therefore, of no great im- 
portance in our present studies. On the other hand, the 


TABLE IA. Packed reaction vessel. 








H2/(CH4+H:2) 


Run T= (CHa+H2)/C2H.e 


46 P 1.07 0.16 
44P 1.08 0.16 
45 P 0.81 0.13 
48 P 0.89 0.14 
41 P 1.37 (?) 0.17 
50 P 0.77 dnt 
42P 0.64 0.25 
By 0.72 ds 
43 P M 0.75 0.15 
49 P 0.74 0.27 








1 Hydrogenation of the C, hydrocarbon fractions showed that 
they were composed of ethylene only. 
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TABLE II. 
Run TK Dibenzyl/C2H.« 
50 944 0.42 
51 950 0.44 
49 960 0.45 








low value of the molar ratio CH,/C.H, might indicate 
the occurrence of some processes, the participation of 
which in the over-all decomposition might affect our final 
calculations. 

The low value of the molar ratio CH,4/C2H, can be 
explained by postulating either the occurrence of some 
process, different from reactions (1) and (2), which 
produces ethylene, e.g., 


C.H;-CH2-CHe C.H;-CHe 
~ | 
CH;CH, CH; 
or it might be caused by some reactions, other than (3), 
which consume methy] radicals, e.g., 


C,H; . CH, . oh . CH;->C,H;- CH, . CH; (6) 


CH, 
+|_, (5) 
CH: 


or 


C.H;- CH: +CH;3- CH: CH,:-— 
C.Hs-CH2-CH;+C:Hy. (7) 


Neither of these possible schemes seems to be fully 
satisfactory ; yet, we are unable to offer any better ex- 
planation. The quantitative determination of the 
amount of dibenzyl formed in the pyrolysis might be 
helpful in disentangling this problem. Unfortunately, 
technical difficulties made such a determination un- 
feasible. Although we could isolate a considerable por- 
tion of pure dibenzy] produced in the reaction (Table IT), 
it was impracticable to recover quantitatively that 
portion which was condensed together with the unde- 
composed toluene and -butyl-benzene. 

In spite of all these difficulties, we are confident that 
the rate of formation of ethylene provides a reasonable 
measure of the rate of the initial dissociation (1). While 
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the ratio of CH4/C2H, varies considerably, and ap- 
parently depends on the magnitude of the surface of the 
reaction vessel (Table I and Fig. 2), the rate of forma- 
tion of ethylene obeys well first-order kinetics, and it is 
not affected by the packing of the reaction vessel 
(Tables III, IV, and IVA and Fig. 1). We conclude, 
therefore, that the low ratio of CH4/C2H, is caused by 
the participation of some reactions consuming methy! 
radicals, and not to the occurrence of reactions pro- 
ducing additional quantities of ethylene. Consequently, 
all the rate constants listed in the following tables are 
computed on the assumption that one mole of ethylene 
formed corresponds to one mole of -butyl-benzene de- 
composed. 


EXPERIMENTAL 


The pyrolysis of -butyl-benzene was studied by a 
flow technique which used toluene as a carrier gas. The 
apparatus and the details of experimentation have been 
described elsewhere,” and are therefore omitted in the 
present communication. Three samples of -butyl- 


TABLE III. Effect of packing the reaction vessel. 








Interpolated to 





Run Ts k +102 sec™ const. temp. 
hggi- 10? sec 

38 888 4.9 53 

46 P 891 4.3 4.3 

30 900 5.6 4.1 
ho17* 10? sec 

14 916 9.8 10.1 

44P 916 11.1 11.4 

31 917 12.1 12.1 

45 P 918 10.6 10.3 

10 918 mi - 








18 948 
42P 949 50 51 
8 950 41 41 


4 952 










3 958 
59 P 960 53 53 
17 963 59 54 








2M. Szwarc, J. Chem. Phys. 17, 431 (1949); Proc. Roy. Soc. 
(London) A198, 285 (1949). 
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TaBLE IV. Variation of the partial pressure of n-butyl-benzene. 


HEAT OF FORMATION OF n-PROPYL RADICAL 


TABLE V. Variation of the total pressure. 




















PosHs-CaHo k 10? Interpolated to Protal k +102 Interpolated to 
Run :- mm Hg sec™! const. temp. Run Pie 4 mm Hg sec™! const. temp. 
kox4* 10? sec kos, 10? sec 
11 911 0.49 5.6 5.8 13 931 6.6 16.2 16.2 
44 916 0.49 11.2 10.5 16 926 16.3 14.0 16.3 
45 918 0.70 10.6 9.3 12 936 19.8 18.0 15.3 
15 910 1.49 7.0 7.8 koi4* 10? secs 
9 912 1.49 8.3 8.8 14 916 6.6 9.8 9.2 
kos0° 10? sec 9 912 16.3 8.3 8.8 
48 943 0.21 25.5 32.0 31 917 16.4 12.1 10.9 
41 943 0.26 29.0 36.0 11 911 19.6 5.6 6.2 
4 952 0.29 34.0 31.0 
43 955 0.36 45.0 37.0 
: bt ye oH =. which is rate-determining in the formation of ethylene. 
49 960 0.48 52.5 37.0 Hence, the observed activation energy of 65 kcal/mole 
18 948 1.24 34.5 37.0 appears to be the activation energy of reaction (1). B 
17 963 154 59.0 36.0 PP bY (1). By 








benzene were investigated,* identical results being ob- 
tained in every case. We are thus satisfied that our 
observations were not affected by any impurities which 
might have been present in the pyrolyzed samples. 

The investigation was carried out over a temperature 
range of about 100°C (from 600°C to 700°C). The 
packing of the reaction vessel with silica wool which 
increased the surface by a factor of 15 did not affect the 
rate of decomposition as measured by the rate of forma- 
tion of ethylene (Table IIT). Changing the partial pres- 
sure of n-butyl-benzene by a factor of 7 (from 0.21 
mm Hg to 1.54 mm Hg), and the time of contact by a 
factor of 5 did not affect the unimolecular rate constants 
(Table IV and IVA). The unimolecular rate constants 
were shown also to be independent of the partial pres- 
sure of toluene (Table V). Table VI summarizes all the 
experimental results, and the plot of logk versus 1/T is 
shown in Fig. 1. The experimental activation energy has 
been estimated at 65 kcal/mole, and the frequency 
factor at 3.10" sec—. 


BOND DISSOCIATION ENERGIES 


All these observations are in accord with the sugges- 
tion that the initial dissociation process is represented 
by reaction (1) 

C.H; CH, . CH, . CH, - CH;—> 
CeH;-CH2-+-CH2-CH2-CHs, (1) 


TABLE IVA. Variation of the time of contact. 

















Time of contact k -102 Interpolated to 
Run TX sec sec™1 const. temp. 
kg50° 10? sec! 
18 948 2.10 35 37 
4 952 0.44 34 32 
kg¢3- 10? sec 
17 963 2.04 59 59 
3 958 0.45 44 51 
6 965 0.42 60 56.5 
Se 


*We are indebted to Professor F. D. Rossini and to Shell 
ompany, Amsterdam, for generously supplying samples of pure 
n-butyl-benzene, 


making the plausible assumption that the recombination 
of radicals does not require any activation energy, we 
conclude that 


D(C.Hs- CH.— CH, . CH: CH;) = 65 kcal/mole. 


We consider the uncertainty in this value to be not less 
than ~3 kcal/mole (by taking into account the experi- 
mental errors and the possible ambiguity in the inter- 
pretation of the results). 

Heats of formation of radicals are connected with 
bond dissociation energies by the equation 


D(R—R,)=AH,(R)+AH,(Ri)— 4H,(R-R)). 


TABLE VI. n-butyl-benzene. 











Time of 
Ptotal PccHs-CaHa contact k-10 
Run T°K mm Hg mm Hg sec % dec. sec™! 
37 879 16.4 1.40 2.35 4.6 1.99 
32 883 16.3 2.0 2.12 5.6 2.71 
38 888 16.5 1.2 2.37 7.6 3.36 
46-P 891 12.8 0.8 0.37 1.6 4.35 
30 900 16.2 La 2.17 10.1 4.90 
7 907 16.0 0.9 2.25 11.8 5.56 
15 910 16.3 1.5 2.16 14.1 7.04 
11 911 19.6 0.5 1.99 10.6 5.62 
9 912 16.3 1.5 2.07 15.8 8.3 
14 916 6.6 2.0 3.72 30.6 9.8 
44-P 916 127 0.5 0.44 4.7 11.2 
31 917 16.4 1.6 2.09 22.3 12.05 
45-P 918 i 0.7 0.43 4.4 10.56 
10 918 16.3 1.0 2.14 20.5 10.7 
16 928 16.3 1.3 2.15 27.0 14.0 
13 931 6.6 1.8 3.76 45.8 16.25 
12 936 19.8 0.7 1.94 29.5 18.0 
48-P 943 12.6 0.2 0.43 10.4 25.5 
41-P 943 12.5 0.3 0.42 11.4 28.8 
50-P 944 12.8 0.4 0.43 12.6 31.3 
18 948 16.8 ia 2.10 51.8 34. 
42-P 949 12.7 0.9 0.40 18.2 50.0 
51-P 950 12.8 0.4 0.43 16.2 41.5 
4 952 11.8 0.3 0.44 14.0 34.2 
43-P 955 12.7 0.4 0.42 17. 45.1 
3 958 12.2 0.3 0.45 18.0 43.8 
49-P 960 12.8 0.5 0.41 19.6 52.6 
17 963 16.9 nS 2.04 69.9 58.8 
6 965 12.1 0.8 0.42 22.5 60.0 
5 967 12.3 0.5 0.44 21.3 54.6 
34 971 12.5 0.4 0.44 28.8 77.4 
33 972 12.4 0.3 0.44 27.1 - 71.6 
35 973 12.3 0.3 0.44 30.0 81.4 
36 974 IZ 0.4 0.44 32.1 88.4 
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In this case the relevant equation is 


D(C,H; CH.— CH, , CH, , CH;) = AH ;(CeHs . CH, , ) 
+ AH ,(CH;- CH»: CHe: )— AH ,(n— CeHs- CuHy). 


By taking D(CsH;-CH2.—C;3H7) at 65 kcal/mole and 
AH ;(C.6Hs- CH») = 37.5 kcal/mole, we derive 


AH ,(CH;-CH2-CH2-)= 24 kcal/mole. 


The latter value makes it possible to calculate the 
dissociation energy of the primary C—H bond in 
propane, namely, 


D(CH;:CH.:CH.— H) = AH ;(CH3- CH»: CH: ) 
+ AH ,;(H)— AH ;(C3Hs) 
and thus 


D(CH;-CH.-CH,—H) = 100+5 kcal/mole. 


The value for D(C;H;—H) derived above appears to 
be rather high. We examined, therefore, the possible side 
processes which might render our determination of 
D(CsH;-CH2—C;H;) too high. One may suggest that 
some propy! radicals, produced in the initial dissociation 
process, react with toluene according to equation 


C,H; . CH;+ C3;H, , —C,H; . CH, : + C3Hs, 


and that the participation of this reaction in the over-all 
decomposition influences the determination of the 
activation energy. To check this suggestion special ex- 
periments were designed for isolating and estimating 
any C; hydrocarbons possibly formed in the pyrolysis. 
The results were, however, negative.® 

Another possibility which should be considered is the 
participation of reaction (5) at higher temperatures of 
the pyrolysis 


C.Hs: CH CH, 
he, | 


CH;- CH, 


Although it is not possible to refute decisively this sug- 
gestion, we are inclined to consider reaction (5) as not a 
probable one (see the discussion in the preceding section 
of this paper). The specific requirement that this reac- 
tion is more important at higher temperature range is 
particularly improbable. This would mean that the 
activation energy of reaction (5) is higher than that 
of reaction (1). On the other hand it is expected that 
the entropy of activation is also higher for reaction (5) 
than for reaction (i), which would then make the 
frequency factor of the former reaction lower than that 
of the latter. Consequently, the rate of reaction (5) 
would be negligible as compared with that of reaction (1). 

Our conclusion about the high value of the C—H 
bond dissociation energy in propane cannot be changed 
substantially by abandoning the assumption that the 


C.Hs-CH, CH; 
+]. (5) 
CH; CH, 


4M. Szwarc, Chem. Revs. 47, 75 (1950). 

5 The minimum amount of the C; hydrocarbons which could be 
yg in our experiments was about 5 percent of ethylene 
ormed. 
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rate of the initial dissociation process is measured by the 
rate of formation of ethylene, and assuming instead that 
it is measured by the rate of formation of methane. The 
plot of logkcu, versus 1/T is given in Fig. 2. (ken, is the 
unimolecular rate constant computed on the assumption 
that one mole of methane produced corresponds to one 
mole of m-butyl-benzene decomposed.) The activation 
energy has been estimated at 64 kcal/mole, the latter 
value making D(CH;-CH2-CH.—H)=99 kcal/mole. 

Finally, one might consider the estimation of the 
activation energy as unreliable (assuming the occurrence 
of some unspecified side processes) and base the calcula- 
tion on the assumption that the frequency factors for the 
dissociations 


C,H; . CH. C.H;-C,H; . CH, . a CoH; “ 
and 


C,H; ° CH. . C3;H7;-CeH; . CH. . + a C3H, : 


are identical. If this assumption is approximately 
correct, then D(CH;-CH:—H)+D(CH;-CH2:CH»—H), 
the calculation being based on the values of the rate 
constants observed at the lower temperature range of 
the pyrolysis. 


DISCUSSION OF OTHER METHODS OF 
DETERMINING D(CH;-CH,-CH;—H) 


The work of Butler and Polanyi® provided the first 
data on the C—H bond dissociation energy in propane. 
These workers determined the C—I bond dissociation 
energy in -propyl-iodide, by investigating pyrolyses of 
this compound and assuming the frequency factor for 
the unimolecular dissociation process, 


C3;H7I—-C3;H7+ I 


to be 10" sec. By applying the usual thermochemical 
calculations the value of D(CH3;-CH.-CH.—H)=% 
kcal/mole was then derived from the value of 
D(CH;-CH.:CH2—I) estimated at 50 kcal/mole. 

However, the kinetics of the pyrolysis of organic 
iodides is not at all simple (see, e.g., reference 4 where 
this problem is discussed fully), and, therefore, the bond 
dissociation energies derived by Butler and Polany! 
might be incorrect by 3-4 kcal/mole. 

Recently, an electron impact study of some hydro- 
carbons enabled Stevenson’ to estimate D(CH;-CH: 
-CH,—H) at 99.440.9 kcal/mole. This determination 
agrees very well with the value reported here. 

Indirect chemical evidence, on the other hand, seems 
to favor a lower value for D(CH;-CH.-CH2—H). 
Our results, as well as those of Stevenson, lead to the 
inequality 


D(CH;- CH»: CH,—H)>D(CH;:CH:—H), 


while the sodium flame investigations require a revers¢ 
order for the magnitude of these bond dissociation 


¢ E. T. Butler and M. Polanyi, Trans. Faraday Soc. 39, 19 (1943): 
7D. P. Stevenson, private communication, 
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energies,® i.e., 
D(CH;-CH2:CH.—H)<D(CH;-CH2.—H). 


The latter inequality agrees better with other evidence 
based on the relative reactivity of relevant compounds. 
Furthermore, the extensive studies of reactions 


8. Warhurst, Quart. Rev. 5, 44 (1951). 
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by Trotman-Dickenson and Steacie® indicate that all the 
primary C—H bond dissociations are roughly equal. 

In conclusion we have to state that the direct evidence 
seems to indicate a high value for D(CH;- CH2-CH»—H). 
However, in view of the existing indirect evidence this 
value should be treated with some reservation. Further 
direct evidence seems to be highly desirable. 


*A. F. Trotman-Dickenson and E. W. R. Steacie, J. Chem. 
Phys. 19, 329 (1951). 
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The solidification rate of supercooled liquid mercury droplets is strongly dependent upon the nature of 
foreign substances on their surface or suspended in them. Droplets (2-8 microns diameter) coated with 
mercury laurate solidify at rates that are proportional to droplet volume and satisfactorily described by the 
theory of homogeneous nucleation of crystals. Droplets coated with mercury acetate solidify with frequencies 
that are proportional to droplet area and in good agreement with the theory of heterogeneous nucleation. 

The results on Hg2I2-coated droplets are interpreted on the hypothesis that nucleation is effected by 
suspended crystallites of one kind. For some droplet dispersions the kinetic results are apparently best de- 
scribed by a multiplicity of solidification frequencies/area or volume. Various hypotheses for this multi- 


plicity are considered. 


ECKER and Doring! have developed the theory 
for the rate of homogeneous nucleation? of liquid 
droplets in supersaturated one-component vapors. This 
theory predicts values of the supersaturation ratios re- 
quired to nucleate liquid droplets rapidly in several 
one-component systems in excellent agreement with the 
measured values of Volmer and Flood,’ with the excep- 
tion of that for methyl alcohol. 

By following the basic assumptions of the Becker- 
Déring theory, Turnbull and Fisher* have developed 
atheory for the rate of homogeneous nucleation in con- 
densed systems according to which the frequency of 
formation, I, of crystal nuclei/volume of supercooled 
liquid is: 

T= K, exp[—ao*/(AF,)°kT ], (1) 
where 
K,=n*(A/9x)'*n(kT/h) expl—AF 4/kT ], (2) 


o=interfacial energy/area between crystal nuclei 
and the liquid, 
AF, =the free energy change/volume for the transition 
liquid—crystal, 
n*=number of atoms in the surface of a nucleus of 
critical size, 
'R. Becker and W. Doring, Ann. Physik [5] 24, 719 (1935). 
*Nucleation that occurs without the catalytic acid of foreign 
bodies is designated “homogeneous.” “Heterogeneous” nucleation 
Pt mas boy by such bodies. D. Turnbull, J. Chem. Phys. 18, 
(1950). 


*M. Volmer and H. Flood, Z. physik. Chem. 170A, 273 (1934). 
‘D. Turnbull and J. C. Fisher, J. Chem. Phys. 17, 71 (1949). 


n=number of atoms/volume of liquid,® 
AF,=free energy of activation/atom for transport 
across the liquid-crystal interface, and 
a=constant determined by the nucleus shape. 
A is defined by the equation 


AF/kT=Ai!+ Bi, (3) 


where AF is the free energy of forming crystal embryos 
containing 7 atoms. For nuclei that are spherically 
shaped a= 1627/3 and 


(A/9m)*= (o/kT)*(20/9x)}, (4) 


where v= volume/atom of the crystal. 

The free energy of forming crystal embryos and 
nuclei on the surface of nucleation catalysts can be de- 
scribed? in terms of i, o, AF,, and 6, the equilibrium 
contact angle between the crystal nucleus and catalyst 
when surrounded by supercooled liquid. By combining 
earlier concepts** an approximate expression for the 
frequency of nucleation/area of catalyst, 7,, may be 
written as follows, 


I,=K, exp —ao*f(0)/(AF,)*kT ], (5) 
where 
K,=n*(A/9n)in,(RT/h) expl—AF4/kT]. (6) 


5 Tn earlier a m was erroneously defined as the num- 


ber of atoms/sample though the calculations were based upon a 
correct definition of ». The author is indebted to R. S. Bradley 
for calling his attention to the error made in the definition. A. D. 
Turnbull, J. Appl. Phys. 21, 1022 (1950). D. Turnbull, J. Chem. 
Phys. 18, 768 (1950). 
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n,= number of liquid atoms in contact with catalyst/ 
area. For nuclei having the form of spherical sectors, 


J (0) = (2+-cos8)(1—cos@)?/4 
(A/9x)!= (¢/RT)3(20/9x) 4 (2—cosé+cos*6)/4 }/6, 


The factors that, according to Eqs. (1) and (5), de- 
termine J and J, are at least approximately known ex- 
cepting o* and 6. Therefore, the validity of the nuclea- 
tion theory can be tested by measuring the variation of 
I or J, with temperature and comparing the values of 
(Ky)exp OF (Ks)exp computed from these experimental 
results with the theoretical values predicted by Eqs. (1) 
or (5). 

Crystal nucleation frequencies of large continuous 
masses of supercooled liquid are generally unsuitable 
for testing the predictions of nucleation theory because 
these masses almost inevitably contain nucleation 
catalysts of unknown composition and variable po- 
tency.”:”: Let the number of these accidental catalytic 
centers in a given mass of liquid be mo. It has been 
postulated?-*® that if the mass is broken into a number 
of isolated droplets m>>mpy crystal nuclei must form in 
the major portion of the droplets homogeneously or 
with the aid of a known crystalline film sometimes used 
to isolate the droplets. The evidence supporting this 
postulate has been fully summarized elsewhere.*” If 
a mass of liquid is dispersed to a number of droplets 
m=mo, it may be found that the rate of nucleation in 
the majority of the droplets, though greater than the 
rate of homogeneous nucleation, is very much less than 
the rate of nucleation of the original mass. This result 
is explained if, following Levine," the additional 
hypothesis is made that the concentration of accidental 
catalytic centers with a given catalytic potency, 
p=1/f(0), increases as p decreases. Levine has given 
a formal treatment of the problem that is analogous to 
the statistical theory of brittle fracture by stress raisers 
of variable potency developed by Weibull and Fisher 
and Hollomon.® Levine’s theory successfully describes 
the experimental results of Dorsch and Hacker" on the 
freezing of water droplets. 

It appears that the most promising method of testing 
the predictions of the theory of crystal nucleation in 


6 There is a good possibility (particularly in view of the quanti- 
tative success of the Becker-Déring theory applied to the nuclea- 
tion of droplets) that « may be approximately equal to the ap- 
propriate liquid-crystal interfacial tension o’ measured in macro- 
scopic systems. As yet o’ has not been measured with sufficient 
accuracy to test this possibility. 

7M. Avrami (Now Melvin) J. Chem. Phys. 7, 1103 (1939). 

8D. Turnbull, J. Appl. Phys. 20, 817 (1949). 

®D. Turnbull, Trans. Am. Inst. Mining Met. Engrs. 188, 1144 
(1950). 

10D. Turnbull, Thermodynamics in Physical Metallurgy (Am. 
Soc. Metals, Cleveland, Ohio, 1950), pp. 282-306. 

J. Levine, Nat. Advisory Comm. Aeronaut. Repts., Tech. 
Mem. Notes 2234 (1950). 

2 W. Weibull, Roy. Swed. Inst. Eng. Research No. 151, (1939). 

18 I C. Fisher and J. H. Hollomon, Metals Technol. 14, No. 5 
(1947). 

“4R. G. Dorsch and P. T. Hacker, Nat. Advisory Comm. 
Aeronaut. Repts. Tech. Mem. Notes 2142 (1950). 
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supercooled liquids is the measurement of the nuclea- 
tion frequency in a collection of small droplets suff- 
ciently dispersed to make m>>m.?* Then crystal nu- 
cleation in droplets isolated by films that are not nuclea- 
tion catalysts should be homogeneous and describable 
by Eq. (1). In droplets coated with crystalline films 
that catalyze nucleation, the nucleation frequency 
should be proportional to the surface area of the films 
and describable by Eq. (5). 

It has been demonstrated?'!* that the rate determining 
step in the solidification of very small metal droplets is 
nucleation. Thus the nucleation frequency in small 
droplet dispersions can be computed from direct meas- 
urement of the solidification rate on the basis that the 
period of crystal growth is negligible in comparison with 
the nucleation period. 

Consider the kinetics of isothermal solidification of a 
dispersion of droplets having a wide distribution of 
diameters. We make the following definitions: D=di- 
ameter of the droplet, vp» =volume of droplets of di- 
ameter D, ap=surface area of droplets of diameter D, 
and Vp=total volume of all droplets of diameter D 
that remain liquid at time, t. A function y(¢) is defined 
by the equation 


D 


y()= = V0o/S Vo=(1/V) | VodD. (7) 


D=0 


y(t)= y= (1/V°) f VpdD. (8) 


Also from (7) and (8) dy(t)/dD=Vp/V and dy°/dD 
=V>p°/V°. Let the nucleation frequency per droplet 
=kp; it follows from the assumptions that the volume 
rate of solidification of droplets of diameter D conforms 
to the radioactive decay law and is given by,” 


—dV p/di=kpV p. (9) 
The total volume rate of solidification is, 


_aV/di=5 = boom kpV pa. 


D=0 
Integration of (9) and (10) gives 
Vp= V p® exp[ — pt ], 

D=a 


V= > Vp’ exp[—kpt] 


D=0 


-f[ Vp [exp(—kpt) dD. (12) 


For homogeneous nucleation 


kp=Ivp, (13) 


16 E), Turnbull and R. E. Cech, J. Appl. Phys. 21, 804 (1950). 
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TABLE I. Summary of methods used to p 


repare dispersions of mercury droplets. 











Method of 
dispersion 


Coating on 


Compos 
droplets uid 


Designation® 


ition of dispersing mixture 


Droplet diameter Dilatometer 
Oxidizing agent i 


Acid range (microns) uid 





Hg(S) Manual CSz2 (30 cc) 


shaking 


Mercury sulfide 
(black) 


Na Oleate EtOH saturated 


with Na Oleate 
EtOH (30 cc) 


Manual 
shaking 


Sodium oleate 
(adsorbed) 

HgoI2 Manual 
shaking 


Mercury iodide 
(yellow) 
Hg(Ac) Silicone oil 
(150 cc) 


Waring 
blendor 


Mercury acetate 


Mineral white oil 
(150 cc) 


Hg(St) Waring 


blendor 


Mercury stearate 


Hg(Lau) Silicone oil 


(150 cc) 


Mercury laurate Waring 


blendor 
Hg(Bz) Silicone oil 
(150 cc) 


Mercury benzoate Waring 


blendor 


Sulfur 0.05 g 50-200 Ethy] alcohol 


(EtOH) 


100-400 EtOH 


0.3 g iodine 15-70 EtOH 


0.2 g acetyl 4-12 


peroxide 


Methyl 
cyclopentane 


Methyl 
cyclopentane 


Methyl 
cyclopentane 


Air 0.5 g stearic ° 2-7 


acid 
0.5 g lauroyl 2-8 
peroxide 


0.1 g lauric 
acid 

0.7 g benzoyl 2-8 
peroxide 


0.3 g stearic 
acid 


Methy] 
cyclopentane 








* These designations are not intended to indicate the precise chemical formula of the film but only the method of its formation. The author did not find 


the data necessary for calculating whether the Hg2+* or Hg** salts are ther 
possible that some of the carboxylates are oxy salts. 


modynamically more stable under the experimental conditions. Also, it is 


b According to thermodynamic calculations, Hg2I2 is the more stable phase (relative to HgI:) in equilibrium with mercury under the experimental 


conditions. 


and Eq. (12) may be rewritten 


D=o 


V= >> Vp° exp(—Ivpt) 
D=0 


= f “Vp [exp(—Ivpt)]dD. (14) 


In case nucleation is catalyzed by the film on the 
droplet surface, 
(15) 


kp=I1,ap 


and Eq. (12) becomes 


D=o 


V= >> Vp exp(—J,apt) 
D=0 


™ f Vp [exp(—Iapt) dD. (16) 


0 


Experimentally, we obtain y°= f(D) and V=/f(é) at 
various constant temperatures. By using the relation 
y= f(D), Eqs. (14) and (16) may be compared with the 
experimental relation V=/(f) by a numerical or ana- 
lytical procedure. From this comparison it may be de- 
tided whether the data are fit best by assuming the 
nucleation frequency proportional to the volume of the 
droplet [Eq. (14) ] or to its surface area [Eq. (16)]. 

It follows that 62X/dtdT | x =x;, where X=(Vo—V)/ 
Vo, is proportional to dI/dT or dI,/dT for a given dis- 
persion. Therefore d InI/dT or d InI,/dT can be evalu- 
ated from V = f(t) for a given dispersion at various con- 
stant temperatures even though y= f(D) is not known. 

Vonnegut! has measured the isothermal rate of 
‘lidification of tin droplets (1-10 micron diameter) 
LN 


*B. Vonnegut, J. Colloid Sci. 3, 563 (1948). 


isolated from each other by an oxide film as a function 
of temperature. Analysis of his data®» indicated that the 
magnitude of 0°X/dtd7 | x =x; is in approximate agree- 
ment with the prediction of Eq. (14). However, y°= f(D) 
was not determined. Later measurements of Pound and 
LaMer" of V=/(t), in conjunction with measurements 
of y°= f(D), on oxide-coated tin droplets showed that 
(8X/dt)r decreased much too rapidly with time to be 
compatible with a single value of J or J,. 

We have measured V=/(t) at various temperatures 
for dispersions of mercury droplets coated with various 
surface films. Preliminary reports of some of the results 
have been published elsewhere.*»!*!9 The purpose of 
this paper is to describe and analyze these and addi- 
tional results more completely. 


EXPERIMENTAL 
A. Materials and Preparation of Dispersions 


Purified triple-distilled mercury was used in all the 
preparations to be described. In forming one group of 
dispersions 2 cc of mercury and the forming solution 
were shaken up in a test tube. To form the second group, 
5 cc of mercury and the forming solution were agitated 
in a Waring Blendor for net times of three to eight 
minutes. The agitation was interrupted at intervals in 
order to prevent excessive heating of the blendor 
contents. 

The method of forming the dispersions, the composi- 
tion of the forming solutions, and the range of droplet 
diameters contributing significantly to the volume of 
the dispersed mercury are indicated in Table I. All of 

17G, M. Pound and V. K. LaMer, J. Am. Chem. Soc. (to be 
published). 


18D. Turnbull, Science 112, 448 (1950). 
1D. Turnbull, Phys. Rev. 83, 880 (1951). 
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Fic. 1. Schematic drawing of bath for maintaining 
constant temperature. 


the organic compounds used in the preparations were 
Eastman cp chemicals, excepting that purified lauroy] 
peroxide” was furnished by W. E. Cass and acetyl 
peroxide was obtained in the form of 25 percent di- 
methyl phthallate solution from Buffalo Electro- 
chemical Company. The iodine and sulfur used were 
reagent grade materials. 

It is believed that the film on the droplet surface 
consisted of a mercury compound in all cases excepting 
for the dispersion formed in the alcoholic sodium oleate 
solution. When the air pressure in the blendor con- 
taining the stearic acid solution was reduced to about 
0.001 atmosphere, the mercury did not break up into 
droplets. Therefore, it is believed that the Hg(St) film 
formed as a result of reaction of the stearic acid 
with an oxide film formed by the interaction of air and 
mercury. The chemical film formed in peroxide solution 
is believed to result from the acid catalyzed direct 
addition of mercury to peroxide 

In all cases the amount of the film forming agent used 
was less than that required to form by complete reac- 
tion an Hg,** salt constituting a volume fraction of 0.02 
of the dispersed mercury. 

Measurements of the droplet size distribution 
[(y°= f(D) ] in the dispersions where time, temperature, 
and medium of dispersion were varied to the extent 
used in the experiments established that y°= f(D) was 
not measurably affected by these variations, with the 
possible exception of Hg(S) dispersions (on which such 
observations were not made) and the Na Oleate disper- 
sions. However, HgoI» dispersions did coarsen with time 
when one-half the indicated amount of iodine was used 
in forming them. 


B. Temperature Measurement and Control 


The extent of solidification of mercury was measured 
dilatometrically. In these measurements two schemes 
were used on occasion to maintain the temperature con- 


20 The source and purity is described elsewhere. W. E. Cass, 
J. Am. Chem. Soc. 72, 4915 (1950). 


stant. The first of these schemes was used in the experi- 
ments on Hg(St) and HgeIe coated aggregates. The 
constant temperature chamber consisted of a well- 
insulated can containing freon 11 entirely surrounded, 
excepting for outlets, by a bath of the same fluid, 
Further details on the construction of this bath have 
been published. To maintain the temperature of the 
outer bath constant to within +0.2°C the potential 
developed by a five junction thermopile, having one 
set of junctions in the outer bath and the other set ina 
Dewar flask containing a constant temperature mixture, 
was used to activate a General Electric Recording 
potentiometer. The recorder was part of a relay circuit 
so that as the bath reached the control temperature, 
the recorder needle closed a relay circuit thus causing 
the bath heater circuit to open. Liquid nitrogen was 
circulated in cooling coils in the outer bath. This method 
of temperature control requires a compound in the 
Dewar flask at a phase transition temperature within 
5 to 10° of the bath temperature to be maintained. 
With the indicated degree of control of the outer bath, 
the inner bath temperature remained constant to within 
+0.01°C. The inner bath was agitated by bubbling air 
through it and its temperature was checked every three 
to five minutes. 

In the other isothermal experiments, a much simpler 
and equally effective method was used to control tem- 
perature. In this method the outer bath was a 4-liter 
Dewar filled to a level well above the fluid level in the 
inner bath with a partly melted compound at a ten- 
perature 20 to 30° lower than the temperature to be 
maintained in the inner bath. The container for the 
inner bath was a 1-liter unsilvered Dewar flask main- 
tained in position by glass wool support and Teflon 
spacers so that its top was 2 in. to 3 in. below the top 
of the outer Dewar. The space between the top of the 
outer and inner Dewars was filled with a cork insulator. 
Figure 1 shows the arrangement schematically. Heat 
leaked slowly from the inner to the outer bath. To com- 
pensate for this loss, air originally at the ambient tem- 
perature was passed through the inner bath. This rate 
of air flow was regulated by a flowmeter and valve 
arrangement sufficiently sensitive so that a given pres- 
sure differential could be maintained to within a milli- 
meter of water. After the system reached thermal equi- 
librium with a given rate of air flow, the temperature 
in the inner bath was held constant to within 0.01°C by 
small manual adjustments of the rate at intervals rang- 
ing from three to fifteen minutes. To determine when 
these adjustments would be necessary, the temperature 
of the inner bath was measured every two to five mil- 
utes. In the isothermal measurements on Hg(Lau) 
coated droplets (—117 to — 120°) freon 12 was used in 
the inner bath and an equilibrium mixture of liquid and 
solid freon 12 in the outer bath. 

The temperature was calculated from the potential 
developed by a five junction copper-constantan thermo 
pile. This potential was measured on a Type K potet- 
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tiometer. One set of thermocouple junctions was 
placed in the bath a small distance from the middle of 
the dilatometer bulb. The other set was immersed in a 
Dewar containing an equilibrium mixture of distilled 
water and ice made from distilled water. After each set 
of measurements, the thermocouple calibration was 
checked against the melting temperature of pure mer- 
cury. In all cases, this calibration agreed with the 
standard calibration charts for copper-constantan 
thermocouples to within 0.05°C. 


C. Dilatometry 


A general description of the dilatometer has been 
published.* The dilatometer bulbs were about 6- to 7- 
cm long and ~0.5-cm internal diameter. Five to seven 
g of mercury (ca $cc) droplets from a given dispersion 
were introduced into the dilatometer bulb and the dis- 
persing medium changed to the fluid indicated in Table 
I by several decantations and additions. The capillary 
bores of the various dilatometers were from 0.055- to 
0.065-cm diameter. The drop in fluid level in the 
dilatometer capillaries caused by the complete iso- 
thermal solidification of mercury ranged from 4.5 to 
6.5 cm. The fluid level in the capillary was measured, 
relative to a fixed point on the outer surface of the 
capillary, to within 0.02 cm by means of a cathetometer. 

Preliminary experiments were made on each of the 
dispersions to determine the temperature range in which 
solidification occurs at a reasonable rate. The experi- 
mental procedure used in these “continuous” cooling 
experiments has been described.* Figure 2 shows the 
dilatometer readings obtained from a cooling-heating 
cycle on Hg(St)-coated droplets. A linear section of the 
cooling curve AB was established corresponding to the 
thermal contraction curve for the dilatometer fluid and 
the liquid mercury. It was confirmed that the curve 
BA was identical to A—B and it was therefore con- 
cluded that no appreciable solidification had taken 
place at 77> Ty. The curve CD is the thermal expansion 
curve of dilatometer fluid and solid mercury. 

xy, the vertical displacement of the lines AB and CD 
at T,, is the dilatometer contraction, Aho, proportional 
to the change in volume of the dispersion if all the 
mercury contained in it solidified isothermally at 7T,,. 
The variation of Akp with temperature in the range of 
rapid solidification is negligible. Ah) was measured to 
within one percent uncertainty. 

Temperatures of beginning solidification T; and of 
inal solidification 7; measured in the cooling-heating 
experiments are defined as the temperatures between 
which the points on the cooling curves do not fall, 
within experimental error, on the extrapolation of 
either of the lines AB or CD. Actually, T; and T; are 
weak functions of the rate of cooling and in this in- 
vestigation are specified for a cooling rate of 1°/minute. 

No values of 7; and 7; were accepted as characteristic 
ofa given dispersion unless two additional conditions 
were established as follows: (1) The volume contraction 
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presumed to be associated with solidification was 
registered as an expansion during the heating cycle at 
the accepted melting temperature of mercury. (2) The 
sample evolved a substantial quantity of heat (heat of 
solidification) when cooled through the temperature 
range T; to Ty. 

The temperature range in which the heat of solidifica- 
tion was evolved was determined by measuring as a 
function of temperature the deflection, 5, of a sensi- 
tive galvanometer activated by a differential thermo- 
couple having one junction in a well embedded in the 
sample and the other junction embedded in a well in 
the temperature bath. When the bath was cooled at a 
constant rate of 1°/min, 6 exhibited a pronounced 
maximum at a temperature between 7; and 7;. Values 
of T; and 7; measured by this method were in excellent 
agreement with values measured dilatometrically in 
all cases, excepting for some experiments where a dis- 
persing fluid was used that gelled at T<7;. 

In the isothermal dilatometric experiments the sam- 
ple bulb was always thoroughly dispersed by shaking 
immediately before the experiment in order to insure 
that the rate of volume contraction .would not be 
limited by the flow of fluid into the mercury. The 
dilatometer bulb and part of the capillary, which had 
been precooled to a temperature about 10° above that 
of the inner bath, were immersed in the inner bath after 
a constant temperature T¢ had been established in it, 
and dilatometer readings h(t) were taken as a function 
of time. After measuring /(¢) over a three- or four-hour 
period, the sample was either (a) quickly quenched into 
an auxiliary bath maintained at a temperature about 
10° below 7;, held in this bath for about 15 minutes 
then returned to the original bath at T¢, or (b) the 
bath at T¢ was slowly cooled to about 10° below Ty, held 
for 15 minutes at the lower temperature, and then 
warmed back up to T¢. In either event after about 15 
minutes more of thermal equilibration at T¢ a final 
dilatometer reading hk; was taken. The dilatometer 
reading /; corresponding to the fraction of sample 
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Fic. 3. Comparison of duplicate isotherms on a dispersion 
of Hg2I2-coated Hg droplets. 


solidified X=0 at T¢ is calculated from the equation 
h;=hy+ Aho. X= f(t) is given by X=[h;—h(t) // Aho. 
The time origin was taken as the ordinary time when 
h(t)=h;. 

Additional experiments were carried out on the 
Hg(Lau)-coated droplets to find out how closely the 
temperature of the sample approached the temperature 
of the bath. For this purpose, a dilatometer was used 
containing an embedded thermocouple well. The poten- 
tial difference developed in a thermocouple with one 
junction in the well and the other in the bath was 
measured as a function of time at constant bath tem- 


peratures. In the same experiments X= f(t) was meas-_ 


ured. It was found that for transformation rates RZ 
than 0.05 g of mercury/min the temperature difference 
registered by the differential couple was <0.02°C. 
After quenching the precooled dilatometer into the 
bath at T¢, the temperature inside the dilatometer 
generally approached T¢ within a period of about five 
minutes. In most of the isothermal data to be reported 
R was well below 0.05 g/min. 

The reproducibility of the isotherms was checked by 
repeating measurements on several for each dispersion. 
For all, X= f(¢) was reproduced to within the accuracy 
of the h(/) measurements. Figure 3 illustrates the 
reproducibility of two isotherms on the HgsIs coated 
mercury droplets. The second experiment at —87.10°C 
was made immediately after the first one, but one week’s 
time elapsed between the two experiments at —87.36°. 
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Fig. 4. Hg droplet 
size distribution in 
Hg(Lau) dispersions. 











D. Droplet Diameter Measurement 


To measure droplet diameter, a Spencer microscope 
with an apochromat lens and Aplanat eyepiece was 
used. The lens had a 4-mm objective and was fitted 
with a correction collar. Illumination was provided by 
transmitted light from a zircon arc source. A prism 
was used to project the field on the wall and the di- 
ameter of the image measured, after bringing it into 
focus, to within } mm. For droplets having diameters 
in the range 2-12 microns, the magnification factor was 
1160. Samples were taken directly from the dilatometer 
after the isothermal measurements and dispersed in 
mineral white oil. Due precautions were taken to ob- 
tain representative samples and to insure that the 
droplets would not be flattened by the microscope cover 
glass. 

Droplet size determinations were made on two or 
more withdrawals from each dilatometer sample. The 
droplet size distributions for these withdrawals checked 
satisfactorily. The diameter of a total of about 2000 
droplets in each dilatometer sample was measured. 
The volume of sample having droplet diameters between 
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D and D+ 4D (where {D=500/1160 microns for the 
magnification factor of 1160) was plotted against D. 
From smoothed curves [(V°dy°/dD)= f(D) ] through 
these points curves were constructed of the function 4’ 
= f(D) (see Figs. 4 and 5). D’ is defined by 


« 


D’ 
0.5=(1/V) f Vp%dD=(1/V) | Vp%dD. 
0 


D’® 
RESULTS 
A. Continuous Cooling Experiments 


Figure 6 is a diagram that compares the results of the 
continuous cooling (rate ~1°/minute) experiments for 
the various dispersions. The ordinate is the supet- 
cooling, AT (AT=T,—T where T,, is the melting 
temperature), and the abscissa is the logarithm of the 
droplet volume. T,—T; and T,—Ty calculated from 
the continuous cooling experiments are the AT coordl- 
nates of the corners of each rectangle. The logy coordi- 
nates of the corners define the range of volume o 
droplets that contribute significantly to the total volume 
of the mercury. A change of a factor of 10 in the cooling 
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less. These experiments prove conclusively that a very 
small droplet size in itself is not a sufficient condition 
for marked supercooling of liquids, for in most instances 
the size distribution in the various dispersions overlap 
considerably or even completely yet their nucleation 
frequencies differ by many orders of magnitude. 

It must be concluded that the most important factor 
determining the position of a dispersion in the solidifica- 
tion diagram (Fig. 6) is the potency of the most effective 
nucleation catalyst on the surface or in the volume of 
the constituent droplets. Compared to this factor, the 
eflects of droplet volume and cooling rate are second 
order. Nucleus formation must be initiated by catalysts 
in all of the dispersions with the possible exception of 
Hg(Lau) and Hg(Bz). 

The chemical composition and structure of the effec- 
tive catalytic substance may not correspond to that 
of the compound covering the major part of the droplet 
surface. Minute amounts of impurity in the forming 
compound could have formed a catalyst more potent 
than that formed by the compound itself, (though 
different samples of the forming substance gave the 
same result). However, the fact that the supercooling 
of the dispersions varies so widely even though their 
droplet size distributions overlap proves that, with the 
exception of Hg(Lau), Hg(Bz), and Na Oleate disper- 
sions, the effective catalysts could not have been bodies 
suspended in the mercury prior to the formation of the 
dispersion. Further, the fact that the solidification 
range of a given dispersion is very narrow indicates that 
the effective catalytic substances in the dispersion must 
be chemically identical or closely related. 

It has been established® that the solidification of Na 
Oleate dispersions is coincident with a breakdown in 
the protective action of the absorbed film. Therefore, 
the position on the solidification diagram may not indi- 
cate the actual AJ—log » relationship for Na Oleate 
dispersions. The main interest attaching to the Na 
Qleate results is that droplets so large (0.4-mm diam- 
eter) can be supercooled so much (35°). 

After long holding periods at room temperature, the 
wlidification behavior of Hg(Lau) and Hg(St) disper- 
‘ions changed discontinuously from that defined by the 
Hg(St) and Hg(Lau) rectangles in Fig. 6 to that de- 
med by the HgX rectangle with no accompanying 
change in droplet size distribution. Before this transi- 
lion is complete, two discrete ranges of solidification 
HgX and Hg(St) or Hg(Lau) ] are found in the same 
tispersion. No measurable part of dispersions coated 
wth Hg(Bz) reverted to the Hg(X) class over a two- 
week period. Holding Hg(Lau) dispersions at —40°C 
ot lower completely suppressed the transition for at 
least several weeks. 

Addition of small amounts of glacial acetic acid to 
eX dispersions in methyl cyclopentane caused a 
marked increase (by a factor of 10 to 20) in the mean 
‘toplet diameter and a discontinuous transition in 
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Fic. 6. Solidification diagram for mercury—curves in 
certain rectangles are isokinetic relations. 


solidification behavior to that characteristic of Hg(Ac) 
dispersions. 

These facts seem consistent with the following 
hypotheses: (a) Hg(Lau) and Hg(St) films hydrolyze 
to form patches of mercury oxide on the surfaces of the 
droplets. (b) Mercury oxide is an effective catalyst for 
the nucleation of mercury crystals. (c) Acetic acid 
converts the oxide to mercury acetate. In further sup- 
port of these ideas, it was observed that the transition 
to Hg(X) was made markedly slower by increasing the 
viscosity of the dispersing medium and in some instances 
by greatly increasing the shortest available diffusion 
path between the droplets and atmospheric com- 
ponents. 


B. Homogeneous Nucleation 
Isothermal Solidification of Hg(Lau) Coated Droplets 


From our interpretation of the continuous cooling 
experiments, it follows that the temperature range of 
rapid homogeneous nucleation should either correspond 
to or fall below 7;>7T>T7; for Hg(Lau) or [Hg(Bz) ] 
coated droplets. Therefore, it is important to find 
whether or not the isothermal solidification behavior of 
these dispersions follows the predictions of the homoge- 
neous nucleation theory. 
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Fic. 7. Solidification isotherms of Hg(Lau)-coated 
droplets—Sample No. 1, 
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Fic. 8. Comparison of isotherms calculated on the basis of 
volume or surface nucleation hypotheses with master isotherm for 
solidification of Hg(Lau)-coated Hg droplets—Sample No. 1. The 
“uniform size” curve was calculated on the assumption of a uni- 
form droplet diameter. 


For the isothermal experiments, two Hg(Lau) dis- 
persions having different droplet size distributions were 
prepared. y°= f(D) for these dispersions is given in 
Fig. 4. To prepare the dispersion (Sample No. 2) having 
the smaller D’ value, the blendor was run for a longer 
period of time than for Sample No. 1. 

X= f(t) curves for Sample No. 1, calculated from 
dilatometric data at six temperatures in the range 
— 117.75 to —119.00°, are plotted in Fig. 7. In order to 
test the volume and surface nucleation hypotheses, it is 
convenient to shrink all the data to a “master isotherm”’ 
by letting the magnitude of the time unit vary with 
temperature. Figure 8 shows the master isotherm and 
the best multiplying factors 7 to apply to the ordinary 
time units to obtain the best superposition of the 
isotherms. 

In constructing this isotherm, the data obtained at 
the shortest times at the lowest temperatures were dis- 
regarded because the transformation rate under these 
conditions substantially exceeded 0.05-g Hg/min. In 
order to test Eq. (14) derived from the homogeneous 
(or volume) nucleation, hypothesis X= f(t’), where 
t’=ai and ¢ is expressed in time units at —117.75° 
(r=1.0), was calculated from (14) with the use of the 
relation y°= f(D). Then a@ is evaluated by making 
X= f(t’) coincide with the experimental X= /(/) rela- 
tion at two values of X, in this instance 0.10 and 0.30. 
Making the substitution ¢/=at in X= f(t’) gives the 
relation X = f,(t) predicted by Eq. (14) (volume nuclea- 
tion). An analogous procedure where the calculated and 
experimental isotherms are made coincident at the 
same values of X as in testing the volume nucleation 
hypothesis, was used to calculate a relation X= f,(t) 
predicted by Eq. (16) (surface nucleation). 

The comparison of X=/f,(/) and X=/f,(t) with the 
master isotherm X= f(/) determined experimentally is 
shown in Fig. 8. The data are described by X= f,(t) to 
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well within the experimental uncertainty but X= f,(i) § ¥) 
falls somewhat outside the range of uncertainty in the ote 
experimental points for X>0.5. per 

The same order of agreement of X = f,(/) and X= /f,(/) 
with the data was obtained when the unsmoothed The 
droplet diameter distribution was used in place of the dat 
smoothed y°= f(D). From this result, it is concluded § on 
that the errors that may have been made in determining the 
the droplet size distribution are not of sufficient mag- ff ja. 
nitude to affect the validity of the conclusion that the byt 
data are best fitted on the basis of the volume nuclea- § 5 
tion hypothesis. =e 

From the described analysis, values of kp and [from 
Eq. (13) ] J are calculated for —117.75°. I for the other 
temperatures is found by multiplying J at —117.75° by § 
the appropriate r-factor listed in Fig. 8. pe 

The sources and probable magnitude of the principal § + 
errors that affect the intercomparison of J values 500 
measured on the same sample are as follows: 

1. +0.02° uncertainty in the control and measure- 
ment of temperature may cause +3 percent error in J. and 

2. +0.03 cm uncertainty in final cathetometer read- 
ing may lead to +1 percent error in J. 

Thus the probable deviation of J values measured on the on 
same dispersion at the same temperature is of the order the 
of 4 percent. 

The greatest part of the probable deviation of / 
values measured on different samples, prepared in the lool 
same way, is contributed by the uncertainty in the Fig 
measured droplet size distribution, for any error in the 9; j 
measurement of D is magnified three times when / is dev; 
calculated. It is estimated that (considering errors in we 
sampling, microscope magnification, measurement, and ii 
curve smoothing) D’ was measured with an accuracy § .)., 
of +5 percent, therefore, the corresponding probable 
error in J is +15 percent. An additional term, affecting 
the intercomparison of different samples is the +2 per- 
cent probable error in J caused by +0.05 cm, uncer- 
tainty in Ako. By taking all these terms into account, 
the maximum probable error in the absolute magnitude 
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Fic. 9. Comparison of isotherms calculated on the basis ol 
volume or surface nucleation hypotheses with master isothe™ xy 
for solidification of Hg(Lau)-coated Hg droplets—Sample No.2 
The “uniform size” curve was calculated on the assumption of 2 
uniform droplet diameter. 
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of ]and the maximum probable deviation when samples 
prepared in the same way are intercompared is +21 
rcent. 

Three isotherms were measured on Sample No. 2. 
The master isotherm and 7-values calculated from these 
data are given in Fig. 9. Analysis of the results by the 
same method used on Sample No. 1 established that 
they are best described (and satisfactorily so) on the 
basis of the volume rather than the surface nucleation 
hypothesis. J values were calculated as before. 

Equation (1) gives J= f(T) based on the homogene- 
ous nucleation theory. From thermodynamic principles, 


d(AF,)/dT = —AS,, (18a) 


where AS, is the entropy of solidification/volume. 
According to the existing thermodynamic data,” AS, is 
virtually independent of temperature ;” therefore, to a 
good approximation, 


AF, = — (AS,)AT (18b) 


and Eq. (1) may be rewritten 
I= K, exp —ao*/(AS,)*(AT)*RT ]. (19) 
If ¢ is assumed to be independent of temperature, it 


follows that InJ is a linear function of 1/T(AT)? having 
the slope, 


d InI/d{1/T(AT)? ]= —ao*/(AS,)*k; (20) 


log! is plotted against 1/7(AT)? for both samples in 
Fig. 10, and an excellent straight line relation obtains 
for each sample as required by Eq. (1). The average 
deviation from the mean value of J between Samples 1 
and 2 in the overlapping temperature range of the two 
sts of measurements is 14.5 percent and within the 
calculated maximum deviation of 21 percent. 
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Fic, 10. Variation of nucleation frequency/volume, J, with 
a AT, in the solidification of Hg(Lau)-coated Hg 
plets. 
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TABLE II. Summary of results on kinetics of homogeneous 
and heterogeneous nucleation in mercury. 








logK» logK. 
Exptl. Cale Exptl. Cale 


42., 35. 


Surface 
coating 


Hg(Lau) Volume 
(Homogeneous) 


Type of 


Cc 
nucleation erg/cm? 6 


31.2 





Hg(Ac) Surface 


(Heterogeneous) 


Volume 
(Heterogeneous) 


Hgele 


Hg(St) Heterogeneous 87° = 31. 








® The nucleation frequency in iodide coated droplets can be satisfactorily 
described by an apparent value of o =29.2 erg/cm?. 


A further check on the validity of the volume nuclea- 
tion hypothesis is obtained from these data by compar- 
ing the measured value of kp’ for Sample No. 2 with the 
values calculated from the results on Sample No. 1 
on the basis of the surface (kp’), and volume (kp’), 
hypothesis. At the temperature —118.81° in Sample 
No. 2, the experimental value of kp’=0.0052 min“ in 
fair agreement with (kp’)»,=0.0065 min™ and in marked 
disagreement with (kp’)a=0.0095 min. Though it is 
recognized that the deviation between X=/(t) and 
X=f,(t) for any one set of data is hardly large enough 
to be convincing, it is believed that the result just cited 
and the fact that X=/(t) is in best agreement with 
X=f,(t) for two dispersions fully substantiates the 
conclusion that kp, in these experiments is proportional 
to droplet volume. 

From the InJ vs 1/T(AT)? lines for the two samples a 
composite straight line was constructed as shown in 
Fig. 10. Assuming that mercury crystal nuclei are 
spherically shaped (a= 1627/3), o was calculated from 
the slope of the composite line [Eq. (20) ] to be 31.2 
ergs/cm?. (Also see summary of results—Table II.) The 
radius of the nucleus* r* = —2¢/(AF,) was calculated to 
be 11.8A° at —118°; whence it follows that it contains 
830 atoms and n*= 220. 

To calculate K, from the theory of homogeneous nu- 
cleation [Eq. (2) ] it was assumed that AF 4= (AF 4) vis, 
where (AF 4),i. the free energy of activation for viscous 
flow is calculated from the viscosity of mercury using 
the equation for viscosity calculated from absolute 
rate theory.™ In the temperature range of the measure- 
ments exp(—AF4/kT)~10-. With this assumption 
logK, calculated from Eq. (2) is 35.1 and is to be com- 
pared with the experimental value of 42.12 determined 
from the intercept of the composite line in Fig. 10 on 
the log/ axis. 

To explain this disagreement of a factor of at least 
10° between the K, and (K,»)exp, some of the assump- 
tions made in deriving and applying the theory have to 

%M. Volmer, Kinetik der Phasenbildung (Steinkopff, Leipzig, 
Germany (1939). 

% Glasstone, Laidler, and Eyring, The Theory of Rate Processes 


(McGraw-Hill Book Company, Inc., New York, 1941), pp. 477- 
516. 
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be examined more critically. In the derivation of the 
theory the frequency factor for the addition of an atom 
to the nucleus from the liquid was assumed to be 
(kT/h) from the absolute rate theory. There is no as- 
surance that this assignment is valid for an atomic 
process as complex as the nucleation reaction. In addi- 
tion, it is assumed that crystal embryos mix ideally 
with the supercooled liquid. It is believed that together 
these factors might lead to an uncertainty as large as 
10+? in the calculated K,. However, the assumptions 
that AS, and o are temperature independent are prob- 
ably of more importance. The term exp[ — a0*/(AF,)*kT | 
is very temperature sensitive (such that J changes by a 
factor of 5/°C) so that even a very small dependence of 
a or AS, upon temperature has a potent effect upon the 
measured slope [dlnJ/d(i/T(AT)?] and hence on 
log(K»)exp. For example, suppose that o depends upon 
temperature according to the equation: c= o9+6T and 
that AF, is given by AF,=—AS,°(AT)(1+cAT)}. It 
follows, 


d \InI/d[1/T(AT)? ]~+[—ao*/(AS,)*k ] 
X {4+(7(Tm—T)/(3T—Tm)13b/o+c¢]}. (21) 


In Eq. (21) the factor —ao*/(AS,)’k is the slope that 
would be measured if ¢ and AS, were temperature inde- 
pendent. 

If c=0 a value of 6~0.0008/° is sufficient to change 
the slope 18 percent and the apparent value of K, by a 
factor of 10°. In order to cause a change of the same 
order of magnitude when b=0, c must be 0.0016/°. 
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Fic. 12. Comparison of isotherms calculated from volume and 
surface nucleation hypotheses with master isotherm for Hg(Ac)- 


coated Hg droplets. 


It seems reasonable to suppose that the combined effect 
of 6, c~0, and the relatively large AT values obtaining 
in the experiments accounts for the major part of the 
disagreement between K, and (Ky)exp.2> On the basis 
of this analysis, it may be concluded that the experi- 
mental results are compatible with the predictions of the 
homogeneous nucleation theory. 

The only other possible interpretation of the data 
that seem to merit serious consideration is that nuclea- 
tion is catalyzed by inclusions colloidally suspended in 
the mercury. In order to account for the results, the 
minimal concentration of the inclusions would have to 
be 10" to 10/cm# (corresponding to a volume fraction 
10-* to 10-) all having equal catalytic effectiveness/cm’, 
Since the same results are obtained in continuous cooling 
experiments with Hg(Bz), and two-Hg(Lau) dispersions 
gave the same J within experimental error, it is con- 
cluded that these inclusions could not have had their 
origin in the preparation of the dispersion but, if present, 
must have been suspended in the original mercury 
sample. 
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The arguments that make the colloidal catalyst inter- 
pretation less plausible are: 


(1) The homogeneous nucleation theory describes the 
results semiquantitatively. 

(2) Hg(Lau) dispersions from different lots of mercury 
exhibited the same solidification behavior within experi- 
mental error in continuous cooling experiments. 


Since I= f(T) and kp is given by Eq. (13), it follows 
that 
kp=f(T)vp. (22) 


From (22) we may derive “isokinetic” relations be- 
tween vp and T at constant kp as follows, 


Lop =f'(T) len =constant- (23) 


One such isokinetic curve for Hg(Lau)-coated drop- 
lets is drawn in Fig. 6. The kp value of this curve § 


25 We do not assert that the signs of 6 and c are actually # 
indicated. Intuitively it might be believed that 5 should be 
negative rather than positive. However, our knowledge of liquit 
crystal nuclei interfaces is not sufficiently advanced to justify 
such a belief. Our purpose is to show that the neglect of the factos 
b and ¢ might, so far as our present knowledge goes, account !0! 
the disagreement between K, and (Ky)exp. 
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fxed by the co-ordinates of a corner of the Hg(Lau) 
rectangle. 


C. Heterogeneous Nucleation 


1. kp Proportional to Droplet Area: Isothermal 
Experiments on Hg(Ac)-Coated Droplets 


The primary purpose of this investigation was to 
measure the kinetics of homogeneous nucleation of 
mercury crystals. Consequently, the isothermal solidifi- 
cation behavior of dispersions in which nucleation is 
believed to be heterogeneous was studied in less detail 
than that of the Hg(Lau) dispersions. 

Figure 11 shows the X=/f(/) isotherms obtained at 
five different temperatures on a dispersion of Hg(Ac) 
coated droplets. The isotherm at —85.01° does not 
extrapolate to X=0 at ‘=0 because the dispersion was 
inadvertently precooled to a temperature just below 
-85.01° for a short time prior to the running of the 
isotherm. 

The data were analyzed by the same methods used to 
analyze the data on the Hg(Lau) dispersion. Figure 12 
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Fic. 14. Solidification isotherms of dispersion of 
Hg-I2-coated Hg droplets. 


shows the master isotherm and Fig. 5 the smoothed 
curve for y°= f(D). In evaluating a the calculated and 
experimental curves were made coincident at X=0.3 
and 0.5. Comparison of the calculated curves with the 
master isotherm is made in Fig. 12. Clearly the data are 
most satisfactorily described on the basis of the surface 
tucleation hypothesis [Eqs. (15) and (16)]. For 
0~X 0.2 the experimental rate is greater than calcu- 
lated on the basis of either the surface or volume nu- 
cleation hypotheses, but this departure is not considered 
significant in view of the small values of X and ¢. 

I, was calculated at various temperatures from the r 
values shown in Fig. 12. Log/, is a linear function of 
\/T(AT)? as shown in Fig. 13. From the measured slope 
and the value of « obtained from the experiments on 
homogeneous nucleation, the contact angle @ was calcu- 
lated to be [see Eq. (5)] 72°. Log(K;)exp was found to 
be 26.8 which compares well with the value 27.4 calcu- 
lated from Eq. (6) on the assumption that all elements 
of area in the droplet surface are equally effective for 
nucleation catalysis. 

This excellent agreement between theory and experi- 
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Fic. 15. Comparison of isotherms calculated from volume and 
surface nucleation hypotheses with master isotherm for HgeI-- 
coated Hg droplets. 


ment fully supports the concept developed earlier that 
the kinetics of heterogeneous nucleation can be de- 
scribed with the use of a single parameter, @, in addition 
to those required to describe homogeneous nucleation. 
Deviations between theory and experiment due to any 
temperature dependence of AS, and o will be smaller 
in these experiments” than in the case of homogeneous 
nucleation because AT is much smaller. 

An isokinetic relation between logy and AT for this 
dispersion is indicated on the solidification diagram in 
Fig. 6. 


2. kp Proportional to Droplet Volume: Isothermal 
Experiments on Hg2Io-Coated Mercury Droplets 


X= f(t) curves measured at eight temperatures on a 
Hg2I2-coated dispersion are plotted in Fig. 14. Because 
of the extraordinary magnitude of the temperature 
coefficient of the rate, every isotherm was rechecked, 
with the exception of the one at —87.55°C. In all cases, 
the agreement is excellent. 

y°= f(D) for this dispersion is given in Fig. 5. The 
master isotherm and the test of its agreement with the 
volume and surface nucleation hypotheses is shown in 
Fig. 15. A much better fit (also an entirely satisfactory 
one) is obtained on the basis of the volume than on the 


TEMPERATURE °C 


=86.5 -87.0 


5.00 





Fic. 16. Variation 
of IJ with AT for 
the solidification of 
of Hg2I2-coated Hg 
droplets. KEY: 
@ PREGOOLED T0-87.15° 








1 j 
232 2.30 


[/riat)*] x 10° 





1 i 
2.34 228 2.26 


% Of the order of 10 if it is accepted that the deviation in the 
homogeneous nucleation results is caused by the temperature 
dependence of ¢ and AS,. 
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nucleation hypothesis with master isotherm for dispersion of 
Hg(St)-coated Hg droplets. 


surface nucleation hypothesis. Log/ is plotted against 
1/T(AT)? in Fig. 16. A good straight line relation is ob- 
tained at the five lowest temperatures; (K,y)exp and the 
apparent o value derived from the constants of this 
line are listed in Table II. At temperatures higher than 
— 86.9° J is much lower (by a factor of 4) than predicted 
by the low temperature linear relation. When the dis- 
persion was precooled below —86.9° then warmed to a 
temperature above —86.9°, the transformation rate at 
the higher temperature was significantly larger than 
if the sample had not been precooled. 

These results can be explained on the hypothesis 
that the nucleation is catalyzed by colloidal particles 
suspended throughout the volume of the mercury 
droplet. For reasons already given it seems likely that 
these catalysts must have had their origin in the prepar- 
ation of the dispersion rather than in some earlier stage 
of the mercury processing. 

The greater total catalytic effect of the suspended 
particles in comparison with the Hg2J» film on the 
droplet surface might be accounted for in one of the 
following ways: 


(1) The suspended particles are not chemically iden- 
tifiable as HgsI2 and their catalytic potency, #, is 
greater than p for Hgolo. 

(2) The suspended particles are HgsI2 having the 
same p as the surface film. However, the total area of 
these particles/droplet considerably exceeds the film 
area/droplet. For example, if the suspended particles 
were 0.01 micron in diameter and their volume fraction 
~0.001, their total area/droplet would exceed the 
droplet area by a factor of 4. 

(3) The thermodynamic properties and undoubtedly 
also the lattice parameters of crystals 0.01 micron in 
diameter differ significantly from those of crystals 
exceeding one micron size. Therefore, » for 0.01 micron 
Hg.I2 particles might exceed p for the larger HgoI> 
crystals constituting the surface film. 


As a consequence of the exceptionally marked de- 
pendence of J on T (a factor of about 200/°) (K»)exp 


~10" is many orders of magnitude larger than maxi. 
mum K,~10* calculable from nucleation theory. 0p 
the basis of the known facts, it is not possible to recon. 
cile this disagreement with nucleation theory without 
an additional hypothesis. It can be verified from the 
theory that the temperature coefficient of nucleation in 
heterogeneous processes is larger, the nearer the process 
is in temperature to the equilibrium temperature. 
Therefore, the results on the HgI2 dispersion suggest 
that the rate controlling process is the formation of the 
nucleus of a phase in equilibrium with liquid mercury 
(or with HgeI2) at a temperature well below the normal 
melting point of mercury. Two possible rate-controlling 
mechanisms to account for the results are suggested: 


1. Formation of a nucleus of a new Hgol2 phase 
having a greater catalytic potency for formation of 
mercury crystals than the parent Hg:I2 phase. 

2. Nucleation of a crystalline mercury phase, 8, 
having a melting temperature well below —38.87°C. 
It is supposed that the nucleation of @ is more strongly 
promoted by Hg»I2 than is the nucleation of the most 
stable crystalline phase a. Also it is assumed that the 
nucleation of @ in B is rapid by comparison with the 
nucleation of @ in liquid. 


The experimental results can be reconciled with 
theory on the basis of mechanism (2) if 8 melts around 
—70°C. 

An isokinetic relation AT = f (logv), for the Hgol: dis- 
persion is indicated in Fig. 6. 


3. Heterogeneous Nucleation Showing Multiplicity 
of I, at Constant T 


(a) Results on Hg(St) Dispersion.—y°= f(D) for this 
dispersion was practically identical in shape with 
y°= f(D) for Sample No. 1 shown in Fig. 4 but with 
D’ =3.8 microns. X = f(t) was measured at four tempera- 
tures and the master isotherm constructed from these 
data is plotted in Fig. 17. After an earlier analysis® of 
these results, it was concluded that the conditions for 
homogeneous nucleation were approached in these ex- 
periments. However, it proved impossible to describe 
the data on the basis of the volume nucleation hypothe- 
sis with a single value of J and the discovery was made 
that Hg(Lau) and Hg(Bz) dispersions supercool to 
temperatures 18-20° lower than Hg(St) dispersions. 
Therefore, it is believed that the earlier conclusion was 
mistaken and that mercury crystals are nucleated 
heterogeneously in the Hg(St) dispersion. The compat'- 
son of the master isotherm with the curve calculated on 
the basis of volume nucleation is given in Fig. 1. 
The experimental rate of solidification decreases with 
increasing X much more sharply than does the calcu: 
lated rate. These facts can be interpreted on the hy- 
pothesis that two or more fractions of the dispersed 
droplets have different 7, values at constant temper 
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kp’ may be roughly estimated at a specified value of 
X by assuming the validity of the relation 


kp'=dX/dt(1—X). (24) 


Apparent values of J and J, were evaluated from kp’ at 
X=0.3 using Eqs. (13) and (15). The constants @ and 
(K:)exp Of Eq. (5) calculated from these data and the r- 
values in Fig. 17 are listed in Table II. In calculating 
the log K,= 27.3 given in the table, it was assumed that 
every mercury atom in the droplet surface was in the 
catalyst surface. Actually, it seems probable that the 
fraction of surface mercury atoms also in the catalyst 
surface was substantially less than unity. 

Since Hg(Lau) films apparently do not catalyze the 
nucleation, it is not considered likely that any one of the 
effective catalysts in the Hg(St) dispersion is a mercury 
stearate. It seems more likely that the catalysts are 
mercury oxystearates and/or substances formed by the 
reaction of minor components in the stearic and forming 
solution with mercury. 

(6) Hg(X) Dispersion.—Rates of solidification of 
Hg(X) dispersions increased slowly as a result of room 
temperature aging. Four isotherms measured over a 
two-day period, during which time aging is hardly 
perceptible, are plotted in Fig. 18. These isotherms can 
only be described by several values of J, that differ 
widely (by factors of at least 1000) at constant tem- 
perature. Apparently, the curves approach in time an 
X asymptote, X~~0.2 at —41.72° to X~0.9 at —42.77°. 
This general behavior is similar to that observed by 
Vonnegut!* and by Pound and LaMer" in the solidifica- 
tion of tin. 

(c) Interpretation —The X=/f(t) relations for both 
the Hg(X) and Hg(St) dispersions can be described by 
the general analytical relation, 


X=X,"L1—exp(—,!) | 
+X,» 1—exp(— ket) ]---X°L1—exp(—kt)], (25) 


where X,°, X2°---X,° are fractions of the total disper- 
sion, each characterized by a single nucleation frequency 
(ki, ko, ---k; per droplet). It is assumed for simplicity, 
and for the present purpose without a significant loss 
in rigor, that the droplet size in a given dispersion is 
uniform. So we have then to interpret directly a multi- 
plicity in k that corresponds to a multiplicity in J,. 

Two terms of Eq. (25) with X,°=0.3 and ky~100 ke 
are sufficient to describe the Hg(St) isotherms. At 
least five terms are required for the description of the 
HgX isotherms. 

Two basic interpretations of the multiplicity of k 
seem worthy of serious consideration. First, it may be 
supposed that each & value characterizes the catalytic 
potency of a different chemical substance. In our experi- 
ments these were introduced during the dispersion 
forming process or formed in a subsequent chemical 
teaction (as was definitely the case for the HgX dis- 
persion). An essential requirement of this interpretation 
is that the average number, m, of crystallites or surface 
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patches per droplet of the most potent catalytic sub- 
stance should not greatly exceed unity. 

A second basic interpretation is that catalysis is 
effected by one chemical substance having different 
catalytic potencies in different parts of its surface or 
when formed on droplets of different size. For example, 
it may be supposed that nucleation takes place preferen- 
tially at nonthermally equilibrated defects in the sur- 
face of the catalytic crystallite. A specific example of 
such a defect is the step present in a crystal surface 
caused by the termination of a screw dislocation in it.” 
The specific structure and catalytic potency of these 
defects may vary considerably and considering the small 
mass of their containing crystallites, the average num- 
ber m/droplet of the defects most effective in nucleation 
catalysis can be of the order unity. It follows that the 
formal treatment of the problem of the kinetics of 
nucleation catalyzed by such defects is entirely analo- 
gous to the treatment of k multiplicity as a result of 
catalysis by a variety of chemical substances. 

A second possible explanation for a differing catalytic 
potency in the same chemical substance follows from 
the fact that the thickness of the droplet.surface coating 
is only of the order of 0.05 micron. Therefore, its 
thermodynamic properties, lattice parameter, and 
catalytic potency will be comparatively sensitive func- 
tions of its thickness and surface charge density. It 
is conceivable that the film thickness and its surface 
charge density may be related to the droplet size in 
such a way that X=/(/) is described by equations of 
type (25). 

The kinetic treatment of the k multiplicity caused by 
suspended crystallites, surface patches, and structural 
defects must take into account the statistical distribu- 
tion of units of a particular catalyst among the droplets. 
Kimball and Halford®* have treated this problem for- 
mally considering only onekind of catalyst. Their method 
was to write an equation of type (25) where each term 
corresponds to a droplet class containing a specified 
number of catalytic units. Then the X,°’s and k;,’s are 
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Fic. 18. Solidification isotherms of dispersion of 
Hg(X)-coated Hg droplets. 


*7 Burton, Cabrera, and Frank, Nature 163, 398 (1949). 
28 Kimball and Halford (private communication to Pound and 
LaMer, reference 17). 
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related to m and k, the nucleation frequency of a drop- 
let containing one unit, through the Poisson distribu- 
tion law. The resulting X = f(¢) relation is, 


X =1—exp{—m[1—exp(—kT) }} (26) 


and X approaches an asymptote [1—exp(—m) Jati-o, 
for small values of m (26) reduces to X = m[_1—exp(— é) ] 
which corresponds to a single term in Eq. (25) with 
m= X i. 

None of the existing data showing multiplicity of k 
values can be described by the Kimball-Halford theory 
on the assumption of a single catalyst; to fit the data 
to this theory requires several more terms of Eq. (26), 
approximately the same number as would be required 
with Eq. (25), corresponding to the additional active 
catalysts. For example, the Hg(St) data require two 
Kimball-Halford terms. 

Pound and LaMer"’ have fitted two of their isotherms 
on tin with the Kimball-Halford formula. Their an- 
alysis shows that at least two specific catalysts were 
active and inspection of their other isotherms indicates 
that several other catalysts were probably active. The 
simple Kimball-Halford theory predicts that m is pro- 
portional to droplet volume if catalysis is effected by 
suspended crystallites or to droplet area if effected by 
chemical or structural heterogeneities in the droplet 
surface. Pound and LaMer’s results are better described 
on the assumption that m is proportional to droplet 
area. 

Applying the procedure used on the Hg(St) data 
Pound and LaMer’s data gives (K;)exp~10", compared 
with K,= 10?’-5 calculated on the assumption that every 
atom in the droplet surface is in an active catalytic 
surface. 

It seems probable that the different catalysts re- 
sponsible for the k multiplicity in the Hg(St) and Hg(X) 
dispersions are very closely related chemically, and in 
the case of Hg(X) they may be chemically the same and 
differ only structurally. The basis of this conclusion is 
that the solidification diagram (Fig. 4) shows that 
different crystalline compounds differ widely in their 
catalytic potency, and it seems very unlikely that two 
or more wholly unrelated compounds formed in the 
same dispersion process would exhibit nearly the same 
catalytic activity. It seems even more unlikely that 
several unrelated compounds exhibiting catalytic ac- 
tivity characterized by the narrow Hg(X) band in the 
solidification diagram could all be formed from the 
Hg(St) dispersion by approximately the same kinetics 
and all catalytically deactivated by small amounts of 
acetic acid. 


CONCLUSIONS 


In this investigation it has been demonstrated un- 
equivocally for the first time, to the best of the author’s 
knowledge, that the rate of crystal nucleation in several 
dispersions of supercooled mercury droplets follows first- 
order reaction kinetics described at constant tempera- 
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ture for a given dispersion by a single value of nuclea- 
tion frequency/volume or area. 

Convincing evidence has been obtained that 2-8 
micron diameter mercury droplets coated by a mercury 
laurate film solidify from nuclei formed homogeneously. 
It is demonstrated that the data are in satisfactory 
agreement with the Turnbull-Fisher theory of homo- 
geneous nucleation in condensed systems. This agree- 
ment lends credence to the use made of the theory** to 
calculate liquid-crystal nucleus interfacial energies of 
metals where the homogeneous nucleation frequency is 
known at only a single temperature. (In calculating ¢ 
from I and a theoretical value of K,, it should be re- 
membered that an uncertainty of only one percent is 
introduced into o for every factor of ten uncertainty 
in K,.) 

In an earlier publication,®** it was pointed out that 
“gram-atomic interfacial energies” o, of the strictly 
metallic elements calculated from presumed homo- 
geneous nucleation frequencies are related to the corre- 
sponding gram atomic heats of fusion, AH;, by the 
equation, 


o,/AH;=0.46+0.04. (27) 


When treated according to the earlier procedure, for 
purposes of comparison, the new data on mercury give 
o,/AH;=0.61. This deviation from the average for the 
other metallic elements, though significant, is not sufh- 
cient to invalidate the generalization that o,/AH; 
~ constant for the metallic elements. 

The first instance has been established, in the Hg(Ac) 
dispersion data, in which the nucleation frequency is 
proportional to the surface area of the supercooled 
droplet. These results are in good agreement with the 
theory of heterogeneous nucleation kinetics derived 
from concepts advanced in earlier papers.?*:>* In this 
case the nucleation catalytic potency of the surface film 
can be conveniently characterized by a contact angle 0. 

For two mercury dispersions and for all tin dispersions 
thus far studied a multiplicity of 7, values measured at 
constant temperature is found. It is believed that the 
catalysts responsible for this multiplicity in mercury are 
either structural defects of different severity in a com- 
mon crystalline substance or very closely related 
chemical substances. 
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- The structure and internal motion of 1,2-dichloroethane were investigated by means of electron diffraction. 
Values were obtained for several distances involving hydrogen atoms. In addition, the average amplitude 
of vibration was found for many of the distances. The predominant isomer was in the érans-form and the 
less abundant one was in the gauche-positions at 109+5° from the érams-equilibrium position. The 
amount of gauche-isomer was found to be 27+:5 percent at 22°C. 





HE molecule 1,2-dichloroethane has been the 
subject of a considerable number of investigations 
because of the interest in its restricted internal rotation 
and the nature of the potential barrier associated with 
this motion. Recent investigations have shown that the 
trans-equilibrium position predominates, that two sec- 
ondary equilibria occur in the gauche-positions which oc- 
cur roughly 120° from the ¢rans- and that there is no in- 
dication of the cis-(eclipsed) position. In addition, some 
of the equilibrium distances involving the carbon and 
chlorine atoms have been reported. 

Debye! and later Ehrhardt? found that the data from 
x-ray diffraction of gaseous 1,2-dichloroethane could be 
explained by the occurrence of molecules in the trans- 
configuration. 

By using electron diffraction data obtained by the 
visual method, Weirl® concluded that 1,2-dichloro- 
ethane consisted of the cis- and trans-forms. It was 
pointed out by Glockler* that Weirl had mistakenly 
attributed the distance corresponding to gauche- to the 
cis-form, and therefore, he had actually discovered a 
mixture of gauche- and trans-isomers. 

Beach and Palmer’ by using visual electron diffrac- 
tion data established that the érans-configuration was 
the main position of equilibrium. Yamaguchi, Morino, 
Watanabe, and Mizushima,® using visual electron 
diffraction data, confirmed that the trans-position was 
predominant and estimated that about twenty percent 
of the molecules occupied the gauche-position. There 
was no evidence for an equilibrium occurring in the cis- 
position. Hassel and Viervoll,’ using a sector method 
for electron diffraction, studied the trans-form and de- 
termined the carbon-chlorine and chlorine-chlorine dis- 
tances. They found 1.79A and 2.70A for the C—Cl dis- 
tances and 4.29A for the Cl—Cl distance. 

By using the change of mean dipole moment with 
temperature, Mizushima, Morino, Watanabe, Sima- 





\P. Debye, Physik. Z. 31, 142 (1930). 

*F. Ehrhardt, Physik. Z. 33, 605 (1932). 

*R. Weirl, Ann. d. Physik 13, 453 (1932). 

*G. Glockler, Revs. Modern Phys. 15, 155 (1943). 

* J. Y. Beach and K. J. Palmer, J. Chem. Phys. 6, 639 (1938). 

* Yamaguchi, Morino, Watanabe, and Mizushima, Sci. Papers 
Inst. Phys. Chem. Research (Tokyo) 40, 417 (1943). 

"0. Hassel and H. Viervoll, Arch. Math. Naturvidenskab 
47B, No. 13 (1944). 


nouti, and Yamaguchi® report a value of 1.21 kcal/mole, 
for the difference, AE, between the equilibrium energies 
of the trans- and gauche-forms. From the change of 
infrared absorption with temperature, they report a 
value of 1.03 kcal/mole for AE. Bernstein? finds a value 
of 1.10 kcal/mole from the temperature variation of 
infrared bands.* From the change of mean moment with 
temperature, Mizushima e al.§ obtain 25 percent 
gauche-form at about 83°C, the boiling point of 1,2- 
dichloroethane. Bernstein’? reports 22 percent gauche 
at 25°C and 27 percent at 83°C. 

Bernstein" has also demonstrated from a product 
rule for cis- and trans-isomers that the less stable rota- 
tional isomer is the gauche-form. On the basis of a force 
model for 1,2-dichloroethane” he finds a barrier of 2.81 
kcal/mole between the trans- and gauche-equilibria and 
a barrier of 4.50 kcal/mole at the cis-position. 

Mizushima ef al.* report that Raman spectra indi- 
cated that in the solid state dihalogenoethanes were 
solely in the érans-form. The x-ray measurements of 
Lipscomb® substantiate this. 

In the light of these extensive investigations of the 
structures and energies of the rotational isomers of 
1,2-dichloroethane, it was of interest to apply the method 
of electron diffraction by gases, based on quantitative 
intensity measurements.!5 This method permits the 
evaluation not only of the equilibrium distances occur- 
ring in the molecule but also the mean deviation of the 
interatomic distances from equilibrium caused by the 
internal motion of the molecule. It was of special interest 
to study the nature of the rotational isomers. 


METHOD 


The sample of 1,2-dichloroethane was obtained from 
the Eastman Kodak Company and was carefully re- 


§ Mizushima, Morino, Watanabe, Simanouti, and Yamaguchi, 
J. Chem. Phys. 17, 591 (1949). 

°H. J. Bernstein, J. Chem. Phys. 17, 258 (1949). 

* Note added in proof.—Earlier work had been performed by 
Mizushima ef al. See Mizushima, Morino, Watanabe, and 
Simanouti, J. Chem. Phys. 17, 663 (1949), and Mizushima, 
Morino, and Simanouti, J. Chem. Phys. 17, 663 (1949). 

© From reference 9 corrected for the structural model reported 
in this paper. 

1! H. J. Bernstein, J. Chem. Phys. 17, 256 (1949). 

2H. J. Bernstein, J. Chem. Phys. 17, 262 (1949). 

18 Private communication from W. Lipscomb. 

4 J. Karle and I. L. Karle, J. Chem. Phys. 18, 957 (1950). 

J. L. Karle and J. Karle, J. Chem. Phys. 18, 963 (1950). 
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Fic. 1. Experimental intensity curve and theoretical curve from 
best model. The dotted curve corresponds to the intensity of a 
purely trans-model in the region 3<s<5. 


distilled, having a"bp 82.8°C at 767 mm. The methods 
used in obtaining the structure of dichloroethane have 
been described in previous publications.'*~'® An experi- 
mental molecular scattering curve essentially charac- 
teristic of the scattering from bare nuclei was obtained. 
From the scattering curve, a radial distribution curve, 
f(r), was computed using Eq. (1) of reference 15, 
and decomposed into individual peaks for each inter- 
atomic distance. The positions of the maxima of the 
decomposed peaks indicate the equilibrium interatomic 
distances except in the case of the trans-Cl—Cl in 
which the equilibrium position is shifted slightly beyond 
the maximum in the direction of increasing r. In all 
cases, the shapes of the peaks indicate the nature of the 
vibrational motion between pairs of atoms. 

The analysis of the trans-Cl—Cl required special 
treatment since it is asymmetric as a consequence of 
the combined torsional motion and the over-all vibra- 
tion of the molecular frame. For the analysis of the 
CI—Cl radial distribution peak, Eq. (26) of refer- 
ence 16 was used and for the computation of corre- 
sponding theoretical intensity curves, Eq. (45) of 
reference 16 was employed. This yields an estimate of 
the value of 8 which determines the potential function, 
V, for small angles in the vicinity of the trans-position 
in the following manner,'® 

V=BokT¢*/2, (1) 
where & is Boltzmann’s constant, T is the absolute tem- 
perature, and ¢co=(/.’—1,?)/2 where /, is the largest 
possible value of the Cl—Cl distance in the course of a 
complete rotation (¢rans-position) and /; is the smallest 
possible value (cis-position), and ¢ is the angle of rota- 
tion measured from the /rans-position as the origin. 


RESULTS 


The experimental molecular scattering curve and the 
resulting radial distribution curve are shown in Figs. 1 


16 J. Karle and H. Hauptman, J. Chem. Phys. 18, 875 (1950). 
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and 2. Analysis of the radial distribution curve gives 
the values listed in the second and third columns of 
Table I. It is customary procedure to establish the 
limits of error for the parameters taken from the radial 
distribution curve by means of theoretical intensity 
curves computed with reasonably exhaustive variations 
in these parameters. In the case of a system as compli- 
cated as a mixture of gauche- and trans-1,2-dichloro- 
ethane, it is not feasible to exhaust the possible varia- 
tions of the parameters. The procedure which was 
followed with 1,2-dichloroethane involved plotting the 
separate scattering curves for each of the distances 
given by the radial distribution curve. When a compo- 
nent distance or damping constant was varied, the re- 
maining components could be studied to ascertain 
whether any difficulties introduced into the theoretical 
intensity curves could be corrected by variations in 
these remaining components. This procedure was es- 
sentially equivalent to the computation of theoretical 
intensity curves in which several parameters are varied 
simultaneously in order to produce the best possible 
comparison with experiment. The final values from 
studying the radial distribution and theoretical in- 
tensity curves are given in the fourth and fifth columns 
of Table I. The values for the vibrational amplitudes 
which represent the root mean deviations projected on 
the lines connecting the pairs of atoms at equilibrium 
were corrected for finite sample size.'® Using the final 
values, a theoretical intensity curve was computed for 
comparison with the experimental curve and is shown 
in Fig. 1. Corrections for the difference in the shapes 
of the atomic scattering factors of hydrogen, carbon, 
and chlorine and for the effect of secondary scattering" 
have been included in the calculation of the theoretical 
curve. The comparison of maxima and minima between 
the theoretical and experimental curves gives an s/s 
ratio of 0.998-+-0.004. 

If a Gaussian curve is fitted as well as possible to the 
asymmetric trans-Cl—Cl peak, a value of 0.066A is 
obtained for the average amplitude of vibration. This 
approximate measure of the amplitude is of interest 
since this amplitude is relatively small for so large an 
equilibrium distance compared to the values for the 
other distances. 

Gutowsky, Kistiakowsky, Pake, and Purcell!” have 
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Fic. 2. Radial distribution curve showing component distances. 


17 Gutowsky, Kistiakowsky, Pake, and Purcell, J. Chem. Phys. 
17, 972 (1949). 
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reported from measurement of absorption line shapes 
at nuclear magnetic resonance an H—H distance of 
1.7140.02A. By using our value of 1.12A for the C—H 
distance, this leads to an H—C—H angle between 98° 
and 101° which is, as pointed out by the above authors, 
a considerable decrease from the tetrahedral value. 
In our best model given in Table I, the H—C—H 
angle is 93°. In the many models which we have tried, 
a satisfactory one was never found with an H—C—H 
angle larger than 102°. This is in very good agreement 
with the results of Gutowsky ef al.!7 However, in view 
of the complexity of the system, it is not possible to 
state with certainty that we have demonstrated that 
102° is an upper limit. 

The limits of uncertainty for the interatomic dis- 
tances appearing in Table I should be functionally re- 
lated to one another. It is not feasible to discover these 
functional relationships and therefore the limits are 
somewhat larger than that which is demanded by the 
uncertainty in the data. Thus, in addition to many 
satisfactory models, the limits also contain combina- 
tions of parameters which would compare quite un- 
favorably with the experimental intensity curve. 


ROTATIONAL ISOMERS 


The electron diffraction results confirm the findings 
of Mizushima ef al.* and Bernstein® that the less stable 
rotational isomer is of the gauche-form. The gauche- 
and /rvans-forms appear in the radial distribution curve, 
Fig. 2, and their ratio, N,/N; is measured by the areas 
under their respective curves by means of the formula, 


N,/N: = A of o/ A ‘Tt, (2) 


where A, and A, are the areas and r, and 7; are the 
equilibrium distances for the gauche- and trans-forms, 
respectively. The application of this formula leads to a 
value of 25 percent for the amount of gauche. 

Another way to evaluate the amount of gauche is 
from a study of the intensity curves. It was found that 
the height between the maximum and minimum at 
s=3.2 and s=4.0 is very sensitive to the relative 
amounts of trans- and gauche-forms. Taking into ac- 
count the variable atomic scattering factors in this 
region of small s values, in addition to the effect of 
multiple scattering, it is found that a composition of 
27 percent gauche agrees very well with experiment, 
whereas the omission of the gauche-form would produce 
an error of about 135 percent in the intensity curve 
(see dotted curve, Fig. 1). Although the accuracy of the 
intensity curve for the region about s=3—4 is less than 
that for larger values of s,!8 the result from this inner 
region serves as very good confirmation of the per- 
centage of gauche- found from the radial distribution 





‘6 The uncertainty is estimated to be about 15 percent between 
maxima and minima in the vicinity of s=3, whereas it is between 
5-10 percent for larger values of s up to s=20, where it again 

gins to increase. 
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TABLE I. Results from analysis of radial distribution curve and 
final results from additional study of theoretical intensity curves. 
The average amplitudes of vibration are indicated by (/;,7)'. 








From radial distribution curve Final results 





Distance A (hi?) A (hi?) 

trans C—H 1.10 0.066 1.12+0.04 0.066+0.025 
C-—C 1.51 see 1.49+0.03 0.030 assumed 
C-Cl 1.78 0.064 1.78+0.01 0.064+0.010 
H-C 2.21 0.086 2.21+0.04 0.086+0.030 
H-Cl 2.40 0.104 2.42+0.04 0.104+0.02 
C-Cl 2.69 0.064 2.69+0.02 0.070+0.010 
H-Cl 2.91 0.085 2.91+0.04  0.085+0.030 
CIl—Cl 4.29 (peak value) 4.3140.02 10<B< 

gauche H—Cl 2.94 tee 2.94+0.12 0.090 assumed 
Ccl-—Cl 3.38 0.084 3.35+0.06  0.068+0.020 
H-Cl 3.70 ee 3.70+0.12 0.100 assumed 


gauche=25% at 22°C gauche=2745% at 22°C 
Z of gauche* 109+5° 


ZCCCI 110°23’+3° 








® Assuming frame same as for trans-form. 


curve and other portions of the theoretical intensity 
curves. The percentage of gauche reported in Table I, 
27+5 percent at 22°, is slightly larger than that re- 
ported by Bernstein!® who found 22 percent at 25°C 
and by Mizushima e/ al. who found 25 percent at 83°C. 

The equilibrium angle for the gauche-isomer was com- 
puted on the assumption that the structural frame of 
the molecule did not change with rotation. The un- 
certainty in this angle was consequently based upon the 
limits of variation of the gauche-Cl—Cl distance. The 
equilibrium angle from Bernstein’s” potential function 
was 117°. The value of 109-+-5° found in this investiga- 
tion indicates that this potential function should be 
modified somewhat to reduce the equilibrium values. 

The torsional motion of 1,2-dichloroethane about the 
C—C bond causes the trans-Cl—Cl peak to be asym- 
metric and shifts the position of the maximum. The 
position of the maximum of the trans-Cl—Cl peak 
at 4.28-4.29A in the radial distribution curve, which 
borders the lower limit of the value 4.31A obtained from 
a study of the intensity curves, is an indication of this 
effect. Although the peak is asymmetric, the uncer- 
tainty in the shape is sufficient to prevent an accurate 
evaluation of 8. If B>4, the effect of the torsional 
motion is not noticeable and the shape of the peak 
is practically Gaussian. The value of 8 consistent with 
the potential function of Bernstein’ for small angles, 
which may be obtained from formula (1), is 6B=3.5. 
Since the torsional oscillation appears in combination 
with the over-all vibration of the frame, an independent 
evaluation of the contribution of the over-all vibra- 
tion of the frame by spectroscopic means would be very 
helpful in the study of the torsional oscillation and the 
evaluation of B. 

We wish to thank the Computing Laboratory of the 
National Bureau of Standards for their excellent co- 
operation in performing the calculations required for 
this investigation. 
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The computation of resonance forms of any specified number of unpaired electrons (“radicality”) of 
aromatic hydrocarbons is reduced to combinatorial problems, many of which can be solved on the basis of 
five simple lemmas. In this first of two papers, only unexcited (Kekulé) forms are computed. Algorithms are 
deduced for deriving the number N of such forms for classes covering practically all nonreticulate aromatic 
hydrocarbons and a number of singly, doubly, or triply infinite series of reticulate ones. One lemma leads to 
a simplification of the combinatorial problems from the hexagonal to the square lattice (“dot diagrams”). 
Points of purely mathematical interest arise and may merit further study. 





1. INTRODUCTION 


HE computation of the number of resonance forms 
of aromatic hydrocarbons has been developed by 
Wheland,! Pullman,? and Daudel and Pullman.*? The 
results may be used in quantum-mechanical calculations 
of molecular energies, etc., in which case a set of linearly 
independent resonance forms is required. Rumer, Teller, 
and Weyl‘ have given the classical method for construct- 
ing such sets, but Klement® first realized that the 
method is not applicable to reticulate structures, i.e., 
in which one or more carbons participate in three rings. 
Moreover, the classical method does not automatically 
give a “reasonable” set of independent forms, i.e., one 
comprising the forms of low excitation. In practice it 
appears useful to be able to construct and compute all 
the resonance forms of a specified degree of excitation, 
particularly the unexcited (Kekulé) ones, and on this 
basis qualitative inferences on relative stabilities of 
structures are commonly and usefully drawn without 
elaborate quantum-mechanical calculations or con- 
siderations of linear dependence. We are not aware of 
any previous general methods for deriving complete 
sets of resonance forms of a specified degree of excitation, 
other than by trial and error. 

From five simple mathematical lemmas we derive in 
this paper an approach to this problem which yields (a) 
algorithms for the number WN of possible Kekulé forms 
of any nonreticulate hydrocarbon, (b) general formulas 
for N in the case of numerous classes of reticulate 
structures, and (c) easy methods of constructing reso- 
nance forms. The same method of attack will be shown 
in the second paper to be applicable to the enumeration 
and construction of excited forms, but this rapidly be- 
comes a cumbersome procedure with increase in molecu- 


1G. W. Wheland, J. Chem. Phys. 3, 356 (1935). 

2 A. Pullman, Compt. rend. 222, 736 (1946). 

3 3) Daudel and A. Pullman, J. phys. radium (sér. VIID), 7, 74 
(1946). 

‘Rumer, Teller and Weyl, Gétt. Nachr. (Math. phys. Klasse), 
499 (1932). 

5Q. Klement, Helv. Chim. Acta 32, 1777 (1949). 


lar complexity and degree of excitation. Indications will 
be given of how the number of possible forms with a 
given single or double bond can be found. As no account 
is taken of linear dependence, our results for excited 
forms may occasionally be higher than the highest 
obtainable by the classical method because of the in- 
clusion of forms linearly dependent upon others in- 
cluded. 

We shall mainly base ourselves on the more com- 
monly occurring “graphitic” hydrocarbons, i.e., such 
as can be fitted to the unlimited plane graphitic lattice 
of hexagons shown in Fig. 1, in which every carbon has 
the coordination number three. As examples, tripheny] 
and styrene are shown in heavy type and in the form 
of “coordination schemes,” i.e., without reference to 
the multiplicity of individual bonds. In all figures after 
the first, the coordination schemes are further simplified 
by omitting all hydrogens and showing the carbons only 
by implication (one at each junction of bonds). Our 
general method of computing nonhexagonal hydro- 
carbons will be seen to be reduction to equivalent 
hexagonal structures. By this means unity and sim- 
plicity of approach can be maintained. 


2. CLASSIFICATION OF RESONANCE FORMS, 
COMPOUNDS, AND RADICALS 


A hydrocarbon, in which each carbon is three-coordi- 
nate, is here termed fully aromatic. In these a Kekulé 
form is a resonance form in which each carbon has a 
share in exactly one double bond and two single bonds. 
If such a form can be written, the hydrocarbon will 
exist as a compound, as distinct from a radical, (provided 
the singlet state corresponds energetically to the ground 
state, as is usually the case). In radical forms there are 
one or more trivalent carbons carrying three single 
bonds and an unshared electron; the number of such 
carbons in a given form will be called its radicality R. 
The elementary mathematical basis of the computa- 
tional side of both papers follows in the form of five 
lemmas. The first of these applies to any alternant 
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hydrocarbon,® i.e., any which has no odd-numbered 
rings. It embodies a classification of the carbon atoms 
in such structures, and its simple inductive proof will 
here be omitted. 


First Lemma 


Every alternant hydrocarbon has two sets of carbon 
atoms, such that atoms of the first set are linked only 
to atoms of the second, and vice versa. On the graphitic 
lattice we shall, for a given orientation on the page, call 
one set male 


| 
(of theform C ), 
F i 


and one female 


ba 
> ie 


The designation of the sets is interchanged by rotating the 
hydrocarbon in its plane through an odd multiple of 60°, but the 
membership of the sets is preserved. The number of bonds along 
any path joining atoms of equal sex in an alternant hydrocarbon 
iseven, between atoms of opposite sex it is odd. A double bond 
may conveniently be compared to a “marriage” The excess number 
of atoms of either sex over those of the other in a given structure 
will be called the disparity D. It will be shown that structures with 
any value of D can be constructed. The disparity of a graphitic 
hydrocarbon can, moreover, be read off at sight as the excess or 
deficiency of the number of “corners” pointing north (thus A) 
wer those pointing south (thus V ). The corners pointing north 
are, of course, those carbons on the upper part of the circumference 
ofa structure which are linked by a vertical bond to a hydrogen 
(omitted in our figures). The simple rule given follows from the 
fact that all vertical bonds linking two carbons account for one 
male and one female atom and thus make no contribution to the 
disparity. We note the corollary that D=0 for any graphitic 
tydrocarbon which has a plane of symmetry at right angles to 
some bond. It will be shown in the second paper that R2 D in any 
alternant aromatic hydrocarbon. 


Second Lemma 


The number of Kekulé forms of a fully aromatic 
tydrocarbon in which two fixed parts are linked together 
nly by single bonds, is equal to the product of the 
lumber of forms of the two parts. The parts are cut 
fom the whole by “hydrogenation” across the single 
(—C bonds linking them. By induction, the lemma is 
extended to any number of parts linked exclusively by 
single bonds: the number of forms of the total hydro- 
arbon is the product of the number of forms of the 
parts. 


_ As an example, consider the triphenyl of Fig. 1. It can be cut 
ty hydrogenation across bonds a and b to form three benzenes 
vith two Kekulé forms each. According to the lemma there are 
X2X2=8 forms in triphenyl in which bonds a and 6 are both 
angle. The next lemma shows that the triphenyl has no other 
Kekulé forms. The proof of the second lemma follows directly 
tom the definition given above for Kekulé and radical forms and 
the fact that C—H bonds are single. 


_*C. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. Soc. 
london) A192, 16 (1947). 


Fic. 1. Graphitic lattice with tripheny] and styrene molecules. 


Third Lemma 


If two fully aromatic alternant hydrocarbon com- 
pounds are joined together by bonds through dehydro- 
genation, the resulting structure is formally a com- 
pound. If the joining bonds all commence at one of the 
constituent hydrocarbons from atoms of the same sex, 
then all joining bonds are single in all forms. 


The proof of this lemma and its inductive generalization to more 
than two hydrocarbons will become obvious from the discussion of 
various individual examples given later. 


Fourth Lemma 


If in a finite fully aromatic graphitic hydrocarbon 
the multiplicity (i.e., single or double nature) of all 
bonds parallel to any one bond has been assigned, then 
there is at most one Kekulé form which satisfies the 
assignment. 


There are three sets of parallel bonds in a graphitic hydrocarbon, 
each set being arranged in rows. A row of bonds is defined as a 
set having a common perpendicular bisector. For instance the set 
of vertical bonds of the lattice in Fig. 1 is arranged in horizontal 
rows. By considering two adjacent rows of these in a compound on 
this lattice and assigning their nature, one readily proves that the 
nature of all the bonds lying between the two rows (and belonging 
to the other two sets of parallel bonds) is fully determined. Hence 
the lemma follows. 


Fifth Lemma 


In any Kekulé form of a graphitic hydrocarbon com- 
pound the number of parallel double bonds lying in a 
given row, is equal to the disparity of either of the two 
collections of atoms lying wholly on one or other side 
of the line bisecting the bonds of the given row. 


The proof of this lemma will become obvious later. 


3. UNIFILAR ARRANGEMENTS OF HEXAGONS 


We consider first the general case of unbranched 
strings of hexagons termed “unifilar,” which may be 
straight or have any number of “kinks.” The example 
with four kinks shown in Fig. 2 has 79 unexalted forms, 
and it may serve for describing the computation of such 
forms for unifilar arrangements in general. One carries 
out a summation, starting at one end of the molecule 
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and adding one figure for each hexagon, until the last 
hexagon on the right gives the total number of forms. 
At the left-hand end the numbers start with 2, 3..., one 
unit being added for each hexagon. Once a kink has 
been passed, the figure added for each hexagon is no 


O09 
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longer unity but the figure which immediately preceded 
the last kink passed, (e.g., after 5 is reached, 4 is added 
to give 9). One proves this mode of computation by 
considering the effect of adding one hexagon at the right- 
hand end of an arbitrary unifilar chain (Fig. 3). We lose 
no generality by adding it in a straight (unkinked) 
position, as shown. As each carbon in the added ring 
must, in a given form, carry one double bond, the bonds 
marked a and 6 are invariably either both single or both 
double. In the former case we find by the second lemma 
(i.e., cutting @ and b) the number X of such forms 
equal to the number of forms of the original, unaug- 
mented structure since the butadiene fragment has 


exactly one form. On the other hand, in the forms where 
both a and b are double bonds, so are ¢ and d, and e and f, 
etc. Thus there is a rigidly fixed bond structure until 
we reach the first kink to the left, where bonds g and h 
are obviously both single. Using the second lemma for 
these two bonds, we get two fragments as in Fig. 4. 
As we have noted, the right-hand fragment is rigidly 
restricted to one form, while the left fragment has Y 
forms, say. Then the whole augmented unifilar struc- 
ture of Fig. 3 has (XX1)+(1XY)=X+Y Kekulé 
forms, as was to be shown. In the special case where 
there are no kinks at all, Y reduces to unity, so that the 
straight unifilar chain of n hexagons has (n+1) forms, 


Wo - 


benzene having two, naphthalene three, anthracene 
four, and so on for the other acenes. (Later we shall 
meet other cases of Y being set equal to unity in the 
absence of relevant kinks.) At the other extreme one 
can consider the completely and regularly kinked series 


of unifilar graphitic hydrocarbons beginning with ben- 
zene, naphthalene, phenanthrene, and whose sixth 
member is shown in Fig. 5. The number of forms of the 
members of this series is 2, 3, 5, 8, 13, 21, etc., in which 
evidently each number is the sum of the two preceding, 


They are variously known as the Fibonacci numbers or 
Lamé series, are encountered in the theory of continued 
fractions, matrices, etc., and are associated with the 
“golden section” in classical geometry. Other points of 
mathematical interest arise, in particular the fact that 
the computation process for filar structures is invariant 
if the end at which the computation starts is changed. 

Clearly the presence of kinks generally increases the 
number of forms. While this factor will tend to stabilize 
the structures concerned, special reactivity may be con- 
centrated at the bend. As a biochemical application of 
this work, consider the structure of Fig. 6. By the rule 
given it has seven forms. It is readily seen that as many 


a~K 


as six of these have a double bond in position K;; for 
when K is double, bonds a, b, and (by the first and third 
lemmas) ¢ are necessarily single and we can cut them 
according to the second lemma. The result is one ben- 
zene, one naphthalene, and one ethylene molecule, 
whence the number of such forms is 2X3X1=6. 
Pullman’ and later Anderson® have connected such 
regions of high electron density in the K region with the 
carcinogenic activity of the structure. 


4. POLYFILAR ARRANGEMENTS OF HEXAGONS 


The essential part of the process of computing unifilar 
forms is the progressive inscription in the hexagons 0! 


numbers, each of which is the sum of its predecessor plus 
the number immediately preceding the last kink which 
has been passed in this process of inscription. This 


7A. Pullman, Compt. rend. 221, 140 (1945). 
8 W. Anderson, Nature 160, 892 (1947). 
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process is capable of generalization. In trifilar structures 
(Fig. 7) three unifilar arms converge at a juncture. Their 
number of forms is computed through the construction 
of an auxiliary unifilar structure by amputating two of 
the arms at the juncture and replacing them by one 


Ki nked 
stump 


kinked stump of two rings. Into these two rings numbers 
XX’ and YY’ (see next paragraph) are respectively 
inscribed (Fig. 8). This permits the generalized process 
of computation to be commenced for the auxiliary 
unifilar structure, whose final result agrees with the 
desired number of resonance forms of the trifilar struc- 
ture. Thus Fig. 9 shows that the structure in Fig. 7 has 
156 resonance forms, a result which applies to the anal- 
ogous known compound listed in the Ring Index as 
No. 3965, since the replacement of -CH= by —N= 
leaves the result unaffected. 

It will be noted that X and X’ are the number of 


(Tig 


forms of the two amputated arms, found as in 3. Y and 
Y’ are the respective numbers of the two arms up to the 
last kink before and including the juncture, i.e., when 
finding ‘‘the last kink before the juncture” the arm must 
not be considered cut off but the juncture ring taken 
into account. Y must be put equal to unity (again 
as in 3) when an amputated arm has no kinks. The 
reader may verify this by amputating in Fig. 7 the 
straight arm on the right in place of the kinked arm at 
the top, when the computation proceeds as shown in 
Fig. 10. The method described, consisting of the ampu- 
tation of two arms, their replacement by éwo rings 


forming a kinked stump and carrying the numbers XX’ 
and YY’, and the computation of the auxiliary struc- 
ture thus obtained, universally applies to trifilar forms 
of hexagons however large and kinked. 

More highly branched (polyfilar) structures can be 


computed by an analogous successive reduction of 
branches. Any two arms converging at a juncture are 
replaced by their equivalent kinked stump, thus form- 
ing a single auxiliary arm. This is computed up to the 
next juncture and, together with one of the arms with 


which it converges there, is replaced by the equivalent 
kinked stump. The process is continued until a unifilar 
structure remains, whose final number gives the desired 
result. A simple example is shown in stages in Figs. 
11-13. Thus a method has been described whereby for 
any compound consisting of hexagons (other than for 
reticulate structures in which certain carbons partake 
of three rings, or for those containing closed loops of 
hexagons) the number of resonance forms can be found. 
Even in cases larger than those exemplified in the 
figures, only rapid mental arithmetic is involved after 
very little practice. The procedure for trifilar structures 


described above can be simplified, the number of forms 
being obtained as XX’X""+-YY’Y”, where the obvious 
notation applies to the three arms. However, this pro- 
cedure cannot be generalized to more highly branched 
structures. 


5. FILAR STRUCTURES CONTAINING 
NONHEXAGONAL RINGS 


We show how alternant hydrocarbons, i.e., those 
having only even-membered rings, are reduced to 
equivalent hexagonal structures having the same num- 
ber of forms, first in the unifilar case and then in the 
polyfilar case with one juncture ring only. The same 


er 


range of compounds modified by the presence of odd- 
membered rings are also reducible to purely hexagonal 
structures. 

Unifilar alternant hydrocarbons are simply reduced to 
hexagon ones by inserting or cutting out -CH—CH— 



















































432 





groups wherever necessary, which leaves the number of 
Kekulé forms invariant. Thus Fig. 14 is transformed 
into the hexagonal form of Fig. 15, merely a distorted 
version of Fig. 16, which is normally computed. In 
large rings two or more contiguous -CH—CH— may 


-CH-CH- 


cut cut cut 


Fic. 14. 


have to be removed. (Note that the “straight” structure 
of Fig. 14 happens to be equivalent to a kinked struc- 
ture (16) in terms of hexagons.) 

Star-shaped polyfilar forms with a single juncture 
ring are computed as a sum of two products, thus: 


N=(X1X3X5. ‘ YoY ale. ° .) 
4+-(XoX.X6...¥i¥s¥;...). (1) 


The arms are labeled and the X and Y terms subscripted 
accordingly, for which purpose the sides of the juncture 
ring are enumerated circularly, starting from a point 
which is arbitrary because of the symmetry of the 
formula. Figure 17 illustrates the enumeration, Fig. 18 
the rest of the computation. Each arm is again computed 
from its free end by use of the unifilar process of 3 to 
give X,. The Y,, term for a given arm refers as usual to 


‘th @ Gh we 


the number of forms up to the last kink before (and 
including) the juncture. 

Thus note particularly that Ys=2 because the arm 
in question is affixed to the central decagon in a kinked 
position, and this kink must be included in the counting. 
On the other hand Y,=1 for the opposite arm on the 
left because of the total absence of kinks. Even-mem- 
bered rings other than hexagons forming part of the 
arms are, of course, rectified to hexagons by insertion or 
excision of -CH—CH-— groups, as is always possible 
and shown in Fig. 18. The result of this figure shows that 
the compound Fig. 17 has X,X9V4Vet+XiX6Vil 
=3X2X3X2+5X3X1X1=51 forms. 

In unifilar compounds the number of odd-membered 
rings must be even, and one considers them in pairs 
from one end of the chain. Thus in Fig. 19 we have two 
pairs of odd-membered rings: the pair A—B and the 


Sac 


pair a—b. Next we consider the system of rings formed 
by any such pair plus all the even-membered rings (if 
any) intervening between the two members of the pair. 
The computation consists simply in dissolving all the 
cross-bonds in each system as in Fig. 20, thereby con- 


Fic. 15. 
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verting each system into one large even-membered 
ring. The system A —B becomes C, and the system a—) 
becomes c. In other words, and quite generally: 

An equivalent even-membered ring is constructed for 
each system consisting of a pair of odd-membered rings 





plus any even membered rings lying between then, 
viz., by dissolving all the cross-bonds which are com- 
mon to any two rings of the system. Figure 21 completes 
the process in the usual way by cutting out enough 
—CH—CH-— groups to leave a purely hexagonal struc- 
ture. In the same way an odd-membered juncture ring 
will form part of a system with one other odd-men- 
bered ring. The system is reduced to an even-membered 
juncture ring by dissolution of cross-bonds. This process 
is illustrated in Figs. 22 and 23, where A—B becomes 


Fic. 18. 





C and two four-membered rings are incidentally con- 
verted to hexagons by the standard process of inserting 
—~CH—CH-— groups. By formula (1), Fig. 23 (and 
hence 22) has 2X1X1+3X3X1=11 forms. The whole 
procedure can be derived with the aid of the second 
lemma; in particular, the dissolution of cross-bonds 
lying between certain pairs of odd-membered rings in 
a unifilar chain (or an arm of a polyfilar one) is justified 
because such cross-bonds are readily shown to be single 
in all possible Kekulé forms. 





Fic. 19. 


Care must, however, be taken to pair off the odd- 
membered rings correctly (i.e., from the end of any arm). 
For example, in a unifilar string containing 4 odd- 
membered rings, cross-bonds must not be dissolved 
between the second and third, but only between the 
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first and second and between the third and fourth odd 
ring, respectively (Fig. 20). 

Although occasional simple examples can be com- 
puted more quickly by other methods, the procedures 
described are both of completely general application and 
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the simplest known in the case of more complex struc- 
tures. They seem to be sufficient to ensure that the 
classes covered by rigid algorithms include all known 
filar fully aromatic compounds, whose number of forms 
are thus found by simple (usually mental) arithmetic. 
In fact, all nonreticular structures, except some having 
a multiplicity of nonhexagonal juncture rings and whose 
calculation is more complex, have been treated above, 
and we proceed to reticulate structures in which at 
least one atom partakes of 3 rings. 


Fic. 21. CO OO 


6. RETICULATE GRAPHITIC STRUCTURES 


The number of Kekulé forms of several specific 
classes of fused ring graphitic hydrocarbons are given 
by formulas listed in Table I. The rationale of deducing 
these formulas consists in constructing, on the basis 
of lemmas 4 and 5, all permissible assignments of the 
set of vertical bonds in the coordination schemes shown 
in the table. The problem will thus be simplified by 
passing from the hexagonal to the square lattice, and 
setting up a one-to-one correspondence between the 
Kekulé forms and so-called dot diagrams on the square 
lattice. These constructions lead to a notable class of 
purely combinatorial problems, only a limited number 
of which have so far yielded solutions. The simplest 
example, the parallelogram-shaped series P»,, at the 
head of Table I, deserves detailed discussion. 
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In this doubly infinite series, each member requires 
two parameters for its specification; thus Pm,» denotes 
4 general member with m hexagons along one, and n 
hexagons along the other side of the parallelogram. 
P;4 is actually illustrated in Fig. 14. We show that the 
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number of forms of P,,, , generally equals ™*"C,,= "1H, 
(in the usual notation for binomial coefficients and 
homogeneous products), by actually constructing that 
number of forms and proving that there are no others. 
For an example, the reader may consult a paper by 
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Robertson and White’ who have drawn the 4C,= 6 forms 
of pyrene (=P, 2). In the construction of a typical form 
(Fig. 24) all vertical bonds are assigned to be double, 
with the exception of precisely one single vertical bond 
on each of the horizontal rows in which the -vertical 
bonds are arranged. The position of this single bond in a 
given row may vary from one form to another, but in 
each constructed form one restriction applies: neighbor- 


Fic. 24. 


ing rows must have their single bonds in adjacent posi- 
tions. According to the fourth lemma there can be only 
one form for a given assignment of vertical bonds. This 
form actually exists: we complete the construction 
(e.g., Fig. 24) by making all oblique bonds single, with 
the exception of those which lie between two of the 
vertical single bonds, i.e., every oblique bond joining 
two carbons bearing single vertical bonds is made 
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double. This complete construction satisfies the defini- 
tion of a Kekulé form, since every carbon has been 


assigned precisely one double bond (vertical or oblique). 


9 J. M. Robertson and J. G. White, J. Chem. Soc. 358 (1947). 
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The total number of such forms, which can be con- 
structed by varying the position of the vertical single 
bonds—subject always to the restriction which limits 
their position in neighboring rows to adjacent places— 
is readily shown to be ™**C,,. Two instructive proofs 
follow. 


4 6 4 


5 10 0 
iS 20 


35 


For the first proof we construct a “dot diagram”’ in 
which every vertical bond is represented by a dot. 
The dots form an array as in Fig. 25. The number of 
constructed forms is equal to the number of ways in 
which the top dot can be linked to the bottom dot by 
“direct paths” such as that shown in Fig. 25, which 
symbolizes precisely and unambiguously the form of 
Fig. 24. Every dot on the path of arrows in 25 stands 
for a vertical single bond in 24, and every dot not on 


d| I< 


|s 


the path for a vertical double bond. Each direct path 
takes in one dot from each row, dots taken in on neigh- 
boring rows being in adjacent positions. The top and 
bottom dot are on every such path, since they sym- 
bolize C—H bonds which are single in every form. Each 
path consists of m like unit vectors parallel to one side 
of the parallelogram and x like vectors parallel to the 
other. Each permutation of these vectors yields a differ- 
ent permissible path, hence the number of paths 
ite 
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In the second proof one symbolizes each vertical 
bond, not by a dot, but by a binomial coefficient 
arranged exactly as in Pascal’s triangle (Fig. 26). Thus 
each number is the sum of the two numbers immedi- 
ately above it. But the number of paths linking a given 
dot (Fig. 25) to the top dot is precisely equal to the sum 
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of the number of such paths for the two dots lying im- 
mediately above it. Hence the rest of the proof is ob- 
vious and Fig. 26 shows that P3,4 has 7C3;=35 forms, of 
which Fig. 24 provides one. 


We have noted earlier that it is useful to be able to read off the 
number of forms in which a given bond is single, say. The reader 
will readily convince himself with the aid of the diagrams, that 
the number out of the constructed ™**C,, forms in which the 
vertical bond symbolized in Fig. 26 by °C, is single, is given by 
*C,X™*"-C,,_,. This product of two coefficients disposed sym- 
metrically in a figure such as 26, gives, in fact, the number of 
different paths passing through the corresponding dot and can be 


& 


read off at sieht. Such calculations underline the essentially com- 
binatorial nature of resonance topology. 
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To complete the proofs, one shows that ‘nere are 
other forms than these ”*"C,, already constructed. The 
fifth lemma proves that every form must in fact have 
one single bond exactly in every row of vertical bonds. 
The restriction of these to adjacent positions in neigh- 
boring rows is proved by reference to Fig. 27. This 
shows that if a single bond s were flanked by two double 
bonds d in the adjacent positions, no Kekulé form could 
be constructed, since some one of the carbons would be 
forced to have either no or two double bonds. 

The method of dot-diagrams is generalizable to apply 
to all graphitic hydrocarbons. While the parallelograms 
P», n have only one path for each dot diagram, in general 
the number of paths is equal to the number » of C—H 
bonds pointing north (see under first lemma). There are 
still as many forms of a graphitic compound as it has 
dot diagrams. But each dot diagram must have each 
dot corresponding to a C—H bond pointing north linked 
by a direct path to a dot representing a C—H bond 
pointing south, and all paths must be free, i.e., not 
touch or cross other paths in the same dot diagram. 
A dot diagram typical for coronene (Fig. 29) is shown in 


Fig. 28. Each vertical bond is represented by a dot; 
two free paths link the two top dots to the two bottom 
dots. Vertical bonds corresponding to the dots on the 
paths are single, the others double, in the resonance form 
corresponding to the dot diagram. 

Thus the problem of finding N is reduced to a simpler 
combinatorial one, which aids in the deduction of the 
general formulas of Table I and inall cases facilitates the 
systematic construction of the forms (as distinct from 
computation of the number). Table I is restricted to 
simple series where all the ” corners pointing north (0 
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TABLE I. Number of Kekulé forms of various classes 
of reticulate hydrocarbons. 
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south) line in one row and in adjacent positions. Never- 
theless, some of the formulas for the number of forms 
listed are quite complicated and contain interesting 
information on the influence of molecular shape on the 
number of Kekulé forms. Particular instances of three 
of the series listed are pyrene P22, benzperylene Bs», 
coronene C3, and ovalene C33 whose 6, 14, 20, and 
50 unexalted forms, respectively, have been drawn 
and discussed from the valency bond viewpoint by 
Robertson.!° 

The series C2n_1, n representing hexagonal assemblages 
of hexagons, is illustrated by its second and fourth 
members in Figs. 29 and 30. Although the synthesis 
of the compound of Fig. 30 may be a matter of the 
remote future, our methods permit the somewhat 
laborious computation of V as shown in Table IT. 
We are grateful to Mr. R. M. Everett for suggesting a 
general formula for N in the series Cm, », which contains 
the hexagonal series of Table II as the special case where 
m=2n—1. The formula which has since been shown to 
be a special case of a more general equation established 


0 J. M. Robertson, Acta Cryst. 1, 101 (1948); Proc. Roy. Soc. 
(London) A207, 107 (1951). 
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TaBLe II. 

Member of hexagonal series N 
Ci,1 (Benzene) 2 
C;,2 (Coronene) 20 
Cs,3 980 
Cz, (Fig. 30) 232,848 








by Mr. M. Woodger," when expressed in terms of 
binomial coefficients, reads: 


II n+aC 
3(m +1) 
N (for Cu a) _ ’ (2) 
4(m —1) 
Il n+oC, 


1 


the products extending over the values of a shown. 
Apart from the inherent mathematical interest, the 
problems adumbrated in this paper justify considera- 
tion because of their bearing on chemical reactivities. 
The theory of chemical structure, on the other hand, has 
benefitted from studies of isomerism topology based 
upon the theory of “graphs,’’” differing from reso- 
nance topology in specifying only one kind of line 
(bond) between any pair of atoms. Topological problems 
similar to those treated here have arisen in the theory of 
binary solutions,“ and a typical dot-diagram problem 
was recently solved by Kuhn” in connection with the 
number of possible configurations of a polymer chain. 
Both isomerism and resonance topology have a bearing 
on chemical systematics, nomenclature and cipher 
notations.'® 
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The radioactive tracer, C“O2, has been used to measure diffusion coefficients for the systems CO2—CO2 
and CO2.—N;0 in the temperature range —78° to 90°C. The apparatus, which is the Loschmidt type, uses 
saturation ionization currents as a measure of the extent of diffusion. The characteristics of this type of 
apparatus have been analyzed in detail to obtain working equations which permit use of experimental 
measurements at both small and large values of the time. 

The present results, whose accuracy is estimated at 1.5 percent, agree with those obtained by other in- 
vestigators using different experimental methods. Although the difference is small, 2.60.3 percent, the 
diffusion coefficient for the system CO2—N,0 is consistently larger than that for CO.—COz over the entire 


temperature range. 





HE influence of intermolecular forces on gaseous 
transport properties has long been recognized! 
and a great deal of information concerning molecular 
interactions has been obtained from determinations of 
the coefficient of viscosity as a function of temperature.” 
Relatively little diffusion coefficient data exists, how- 
ever, which can be used satisfactorily for this purpose. 
Harteck and Schmidt,? Hutchinson,* and Winn® have 
measured gaseous self-diffusion coefficients over a suffi- 
cient temperature range and with adequate accuracy 
to permit evaluation of the potential energy between 
like molecules, but comparable measurements of mutual 
diffusion coefficients for calculating interaction poten- 
tials between unlike molecules do not seem to exist. 
Additional determinations of self- and mutual diffusion 
coefficients as a function of temperature are therefore 
of interest. 

The availability of radioactive tracers facilitates the 
study of gaseous diffusion. First, the determination of 
self-diffusion coefficients becomes particularly straight- 
forward because intermolecular forces between like 
molecules are unchanged when stable atoms are re- 
placed by radioactive isotopes. Second, mutual diffusion 
coefficients can be measured with tracer concentrations 
of one of the components of the diffusing mixture to 
avoid uncertainties of interpretation which arise from 
the variation of the mutual diffusion coefficient with 
composition.® It is the object of the present article to 
describe an apparatus which is suitable for measuring 
gaseous diffusion coefficients in the range —78° to 
90°C by means of radioactive tracers, and to analyze 


* Supported in part by a du Pont grant-in-aid of fundamental 
research. 

7 Charles A. Coffin Fellow, 1949-1950. 

¢t Eastman Kodak Company Fellow, 1949-50. 

1§$. Chapman and T. G. Cowling, The Mathematical Theory of 
Non-Uniform Gases (Cambridge University Press, Teddington, 
England, 1939), p. 380 ff. 

2See reference 1, Chapter 12; Hirschfelder, Bird, and Spotz, 
J. Chem. Phys. 16, 968 (1948); Chem. Rev. 44, 205 (1949). 

ah Harteck and H. W. Schmidt, Z. physik. Chem. B21, 447 
(1 é 

‘F. Hutchinson, J. Chem. Phys. 17, 1081 (1949). 

5 E. B. Winn, Phys. Rev. 80, 1024 (1950). 

6 See reference 1, Chapter 14. 


in detail the effects which must be considered in order 
to obtain accurate diffusion coefficients. Values of the 
diffusion coefficients for two systems, COz—COz and 
CO.—N;0, will be presented to illustrate the results 
which have been obtained with the apparatus. 


APPARATUS AND PROCEDURE 


The diffusion cell, shown in Fig. 1, is mounted hori- 
zontally in a thermostat whose temperature is con- 
stant to +0.01° in the range —78° to 90°C. The cell is 
similar to one first used by Loschmidt’ and consists 
of a brass tube, separated by a slide, 1, into two sec- 
tions, one of which, 2, is fixed, and the other, 3, capable 
of limited motion through the bellows. By turning the 
shaft, 4, the slide may be rotated to bring a hole of the 
same diameter as the tube, or a lead insert, 5, into axial 
alignment with the sections of the cell. To segregate 
the sections prior to a diffusion run, the steel nut, 6, 
is turned to imbed the movable section in the lead 
insert. The resulting seal is vacuum tight. 

Each section of the cell contains a collecting elec- 
trode, 7, insulated from the tube with the plastic, 2,5- 
dichloropolystyrene, and functions as an ionization 
chamber. A potential of —450 volts on the electrode 
was found necessary to insure saturation currents. 
These currents, of the order of 10-" amp, are measured 
with a single stage dc amplifier. The essential elements 
of the amplifier are a 10"-ohm grid resistor, a Raytheon 
subminiature electrometer tube, type CK 571AX, anda 
Leeds and Northrup galvanometer, type E 2430-d, in 
the plate circuit. Extreme precautions are taken to 
minimize leakage currents and pick-up. The housing, 8, 
at the end of each section of the cell is evacuated to 
prevent condensation of moisture. Each grid lead, 
which consists of coaxial cable whose shield is at —450 
volts, passes from the housing, through heavy wall iron 
pipe, to a brass vacuum chamber which contains the 
grid resistor and electrometer tube. The chamber is 
kept at a potential of —450 volts and serves as a guard 
ring and electric shield. All components of the amplifier 
are housed in a thermostated, heavy wall, iron cabinet. 


7 J. Loschmidt, Sitz. Akad. Wiss. Wien 61, 367 (1870). 
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The amplifier is used as a null instrument by includ- 
ing in the circuit a variable reference voltage which is 
measured potentiometrically. The voltage developed 
when the ionization chamber current flows through the 
grid resistor is opposed by this reference voltage until 
the amplifier indicates no net voltage input. The circuit 
is capable of measuring ionization currents with a pre- 
cision of 0.1 percent. 

The experimental procedure for determining diffu- 
sion coefficients using radioactive tracers may be il- 
lustrated by summarizing the steps which were fol- 
lowed for the system CO2—COs. 

BaCO; containing BaC™“O; was fused with PbCl, to 
generate a mixture of CO2 and COz.° This gas mixture 
was diluted with normal CO, to produce the desired 
tracer concentration. The diffusion cell was evacuated 
and the sections segregated to permit introduction of 
radioactive mixture into one section and normal gas 
into the other. Before transfer to the diffusion cell, the 
gases were thoroughly dried and then purified by dis- 
tillation from bulbs at dry ice temperature and con- 
densation in bulbs cooled with liquid nitrogen. The 
pressure of the normal CO: was adjusted to that of the 
labeled CO within 0.1 mm of Hg as read on a differen- 
tial manometer filled with silicone fluid, type DC 200. 
A cathetometer was used to read the absolute pressure 
on a mercury manometer. After the pressures in the 
sections of the cell were equalized, the ionization cur- 
tent in the section containing radioactive gas was 
measured. The separating slide was then opened, and the 
tate of diffusion was followed by measuring the decrease 
in the ionization current as a function of time. Before 
and after each diffusion run both sections of the cell 


a9 a Turkevich, and Miller, J. Am. Chem. Soc. 71, 376 
9). 


were filled with normal gas, and background currents 
were measured. 


ANALYSIS 


For the case of one-dimensional diffusion in a system 
of two components at constant molecular density, the 
mutual diffusion coefficient D1, may be defined by 
Fick’s second law in the form 


8¢1/dt= (1/w)(0/dx)_Di2w(dc1/dx) ], (1) 


where 0c;/dt is the time rate of change in the concentra- 
tion of component 1 at a point « on the axis along which 
diffusion is occurring. The concentration gradient of 
this component at the given point is 0c;/dx, and the 
area across which diffusion takes place is w. If the com- 
ponents are indistinguishable, the diffusion coefficient 
is referred to as the self-diffusion coefficient D,;. Since 
in the present case the component whose concentration 
changes are being followed is always the radioactive 
tracer, component subscripts will be omitted hence- 
forth. The case of self-diffusion will be distinguished 
from that of mutual diffusion by indicating that the 
tracer-free gas is CO, rather than NO. 

The solution of Eq. (1) for certain boundary condi- 
tions is well known for the case where w and D are 
independent of «.° In the present apparatus, the cross- 
sectional area of the cell is not constant since the col- 
lecting electrodes cannot extend the full length of the 
sections. The procedure for solving Eq. (1) in this case 
is suggested by the solution of the problem of one- 
dimensional heat flow through contiguous rods having 
different thermal conductivities.’ It is assumed that the 

* P. Frank and R. v. Mises, Die Differential- und Integralgleich- 
ungen der Mechanik und Physik, (Friedr. Vieweg und Sohn, 


Braunschweig, Germany), 8th edition, Vol. 2, pp. 576-579. 
10 See reference 9, p. 539 ff. 
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diffusion cell may be represented by three regions of 
constant cross section, two of which have the same 
uniform cross section and extend from the closed end 
of each section of the cell to the tip of each collecting 
electrode. The third region, of different cross section, 
is in the center of the cell between the electrode tips. 
Appropriate particular solutions of Eq. (1) for the 
three regions are matched at the planes where the 
changes in cross section occur by applying conditions 
of continuity of concentration and of diffusion current 
I’, which is defined by Fick’s first law as 


T= —Dw(dc/dx). (2) 


Inclusion of the initial and boundary conditions results 
in a general solution for the concentration of the tracer 
as a function of time at any point along the axis of 
the diffusion cell. Since the central electrodes in the 
cell sections measure the total current resulting from 
the disintegration of the tracer, the total quantity of 
tracer at any time in an entire section is of interest 
rather than the concentration at any point. The general 
solution for the concentration as a function of time and 
position is therefore integrated over the volume of the 
section to give an equation of the form 


n(t)/n(0)=a+be-#?'+---, (3) 


where n(t)/n(0) is the ratio of the total quantity of 
tracer at time / to that at time 0 in the section of the cell 
originally filled with labeled mixture, and a, 6, and k 
are known constants for a given apparatus and set of 
initial conditions. 

The use of Eq. (3) for calculating D would be very 
convenient since a single experimental value of n/(t)/ 
n(0) would be sufficient to obtain a value of D. Un- 
fortunately, this is not possible in the present case 
because the ratio of measured ionization currents (cor- 
rected for background), i(#)/i(0)," is not equal to 
n(t)/n(0). There are two effects which are responsible 
for this inequality. The first, known as cross-over 
ionization, results in the production of current in one 
section of the diffusion cell by particles, capable of 
producing ionization, which originate in the other sec- 
tion. The second is the dependence of the current in a 
given section of the cell upon the manner in which the 
tracer is distributed in the section, as well as upon the 
total quantity of tracer present. This distribution effect 
results from the difference in average effective path 
lengths of ionizing particles produced by disintegra- 
tions. For example, the average effective path traversed 
by an ionizing particle which originates near the center 
of a section of the cell is longer than that of a particle 
which originates near the ends. Consequently, the cur- 
rent resulting from a given number of radioactive par- 

“In referring to i(#) as the measured ionization current at 
time #, it is assumed that the separating slide between the section 
of the diffusion cell has been opened instantly at =0, and that the 
electrical measuring circuit has zero response time. The nature of 


the corrections which are required when these conditions are not 
fulfilled will be discussed in detail below. 


JR. 
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ticles near the center of the section is greater than that 
arising from the same number of particles near the 
ends. 

In principle, it is possible to correct measured cur- 
rents for cross-over ionization and to eliminate the dis- 
tribution effect by further correcting all currents to the 
values they would have if referred to a common dis- 
tribution. The most convenient distribution for this 
purpose is a uniform one, such as exists at ‘=0. In 
practice, these corrections cannot be made numerically 
because of insufficient knowledge of the dynamics of the 
ionization processes which occur in the diffusion cell. 
It is possible, however, to make the corrections in formal 
fashion, and this is sufficient for the purpose of evalu- 
ating diffusion coefficients from the experimental 
measurements. 

At time #, the relation between the current, cor- 
rected for the effects of cross-over ionization and dis- 
tribution i*(¢) and the measured current i(/) may be 
written as 





i(t, d) i(t, “) 


7*(t) io d)+i(t, c)J i(t, d) 


i(t, u) 


-i0| d)+i(t, it “ 





The functions, i(¢, d), i(t, c), and i(t, w), are formal ex- 
pressions for the currents, at time /, in a given section 
of the cell, and may be identified, respectively, as 
follows: 


i(t, d), the current produced by the total quantity 
of tracer present in its actual distribution ; 

i(t,c), the additional current resulting from cross- 
over ionization; and 

i(t, u), the current produced by the total quantity of 
tracer present in uniform distribution. 


To obtain the expression for i(¢, d) it is necessary to 
consider the current produced in volume dV’ of a 
given section of the diffusion cell by ionizing particles 
which originate from disintegrations in volume dV of 
the same section. If c(x, ¢) is the tracer concentration 
in dV, the total current in the section will be given by 


i(t, d)= f f fe(x, aVaV’, (5) 


where f takes into account all aspects of the dynamics 
of the ionization process and the effect of solid angle on 
the number of ionizing particles which reach dV’ from 
dV. The double integration extends over the entire 
volume of the given section of the cell. Since c(x, #) is 
the known general solution of Eq. (1) for any portion 
of the cell section where the cross section may be taken 
as constant,®!° the expression for i(t,d) may be re- 
duced to 

i(t, d)=a+Be-P t+ ---, (6) 
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The constants a and £6 are independent of time or posi- 
tion and contain integrals remaining from Eq. (5) 
after terms in c(x, /) which involve the time have been 
taken outside the integral signs. The relation for i(¢, c) 
js obtained in similar manner, except that the volume 
elements dV’ and dV are in different sections of the 
cell and the function f is replaced by /’ to allow for the 
difference in the details of the ionization processes. Thus 


i(t, d= f free t)dVdV’, (7) 


where the integration with respect to V’ is taken over 
the volume of the section in which the current is being 
measured, while that with respect to V is taken over 
the volume of the other section. Again, by proper sub- 
stitutions for c(x, t), Eq. (7) may be put in the form 


i(t, c)=yt+de-PP t+ ---, (8) 


where y and 6 are constants similar to a and 8 in Eq. 
(6). Finally, since i(¢, #) is the current produced in a 
given section of the cell by ionizing particles which 
originate in that same section when the tracer concen- 
tration is assumed to be uniformly distributed, it may 
be written as 


i(t, u) = J fe(t)dVaV’, (9) 


where G(t) is the average tracer concentration. It is 
equal to n(t)/V where V is the volume of the section 
over which the integrations in Eq. (9) are performed. 
Since, according to Eq. (3), 


e(t)=c(0)(a+be**? ‘+ -- -), (10) 
Eq. (9) may be reduced to 
i(t, w) = (a+ be-**P t+--- +e, (11) 


where € is another constant of the type of a, 6, y, and 6 
of Eqs. (6) and (8). 

The corrections which must be applied to the initial 
measured current, i(0), are simpler than those required 
for i(¢). There is no correction for cross-over ionization 
since the separating slide between the sections of the 
cell is closed, and there is no distribution correction 
since the existing distribution is the uniform one to 
which corrected i(/) values are referred. However, the 
fact that the slide is closed during the measurement of 
i(0) necessitates two other corrections. The first is re- 
quired because of the change in the quantity or in the 
concentration of tracer which occurs when the separat- 
ing slide between the sections of the cell is rotated to 
permit diffusion to proceed. The rotation introduces into 
the cell the small volume of gas, either radioactive or 
normal, which filled the hole in the slide when the sec- 
tions were segregated during filling. The second cor- 
rection is required because of the change of pressure in 
the cell when the bellows are extended to permit rota- 
tion of the slide. The relation between the corrected 


initial current i*(0) and the corresponding measured 
current i(0) may be written 


i*(0)=1(0)f, (12) 


where ¢ is an unknown constant containing a ratio of 
double integrals similar to those in a or 8 in Eq. (6), 
and a multiplicative term which, at a given temperature 
and pressure, depends only upon the fixed ratio of the 
pressures in the cell corresponding to the open and 
closed positions of the slide. 

Substitution of Eqs. (6), (8), and (11) into Eq. (4) 
and division of the result by Eq. (12) leads to 


*(t) i(t)e(a+be-#Pt +. . -) 
*(0) iO)SL(aty)+(B+a)e HP 4-7] 


This expression for i*(/)/i*(0) may be set equal to 
n(t)/n(O) in Eq. (3) to give the desired relation involv- 
ing the measured quantities 7(¢), 7(0), and /, namely, 


i(t)/i(0) = n+6e-#? '+---., (14) 


where n= ({/e)(a+y7) and 6= (¢/e)(8+4). It is interest- 
ing to observe that the form of Eq..(14) is identical 
with that of Eq. (3). However, since 7 and @ are pa- 
rameters which can be determined only from the actual 
experimental measurements, whereas a and b are known 
constants, it is more difficult to obtain accurate values 
of D from Eq. (14) than from Eq. (3). Since it is not 
possible to measure n(t)/n(0) directly, there is no 
choice but to use Eq. (14) and to attempt to increase 
the accuracy of the experimental measurements in an 
effort to compensate for the necessity of determining 
the constants 7, 9, and D, simultaneously. 

There is a slight convenience introduced by the use 
of Eq. (14) which partly offsets the disadvantage of 
solving for the three disposable constants. Since the 
slide between the sections of the cell cannot be opened 
instantaneously, the question arises as to the proper 
origin for the time which appears in the equation. The 
fact that 7 and 6 are not known a priori makes it 
possible to select as the origin an unspecified time when 
the slide has been fully opened and lateral inequalities 
of composition caused by the opening have disappeared. 
The effect of such a shift in the time origin is equivalent 
to assuming a different set of initial conditions than 
those which led to Eq. (3). In Eq. (14) this change in 
initial conditions merely changes the observed values 
of » and @. 

The presence of but two terms in Eq. (14) limits the 
use of the equation, for reasons of convergence, to 
large values of Dt. In the present case, these values lie 
in the range 185 cm? to 750 cm’, corresponding to 
values of ¢ between 800 seconds and 3200 seconds, at 
the experimental temperatures and pressures. Since 
measurements start at about 85 seconds, it would appear 
desirable either to add higher terms to Eq. (14), or to 
develop an additional relation, with suitable conver- 
gence characteristics, for smaller values of Dt. The 





(13) 
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been included, since their contribution is negligible for 
the range of Dt of interest, namely, about 25 cm? to 
250 cm?, corresponding to times between about 85 
seconds and 900 seconds. Since s must be evaluated 
from experimental results, it is not possible to use 
Eq. (17) to obtain absolute values of D. However, it 
hg can yield relative values as a function of temperature 
i! | and thus makes use of experimental results at early 
times to improve the accuracy of the absolute values of 
D as calculated from Eq. (14). 

The time ¢ in Eq. (17) must be referred to the proper 
origin, since this equation, unlike Eq. (14), cannot in- 
clude in the unknown parameter s a constant dis- 
placement of the time origin. In an actual experiment, 
the slide which separates the sections of the diffusion 
cell was rotated with constant angular velocity from 
t=0, when it started to open, until it was fully open at 
t=r. Therefore, a time origin t9 was chosen between 0 
and 7 such that, if the slide could be opened instantly 
at %, the quantity of radioactive gas mixture which 
would diffuse between f) and 7 would be the same as 
that which actually diffused during a run between 0 and 
7. This quantity is calculated by applying the treat- 
ment given by Ney and Armistead and by Hutchinson‘ 
for diffusion between two chambers connected by a 
tube of small diameter. For the present apparatus and 
operating procedure (rotation of the separating slide 




















Fic. 2. Equivalent electrical circuit. 


addition of higher terms to Eq. (14) does not produce 
the desired result, since the introduction of such terms 
requires inclusion of additional adjustable parameters 
similar to n and 6, because of the effects of cross-over 
ionization and distribution. The additional experimental 
results which can be used because of the presence of the 
higher terms merely serve to determine the new pa- 
rameters, and essentially no new information is ob- 
tained with respect to the value of D. The second al- 
ternative for using experimental results at early times, 
namely, development of a new relation with proper 
convergence properties, can be realized by applying 
the method of Laplace transforms,” with the following 
results. 

For the ideal case of one-dimensional diffusion in a 
cell initially divided into two identical sections, each 
of the same uniform cross section and length, //2 the : . 
ratio of the total quantity of tracer at time ¢ to that with constant angular velocity) the final result may be 
at time 0 in the section originally filled with labeled wane 
mixture, is given by fo= 0.78947. (18) 

j=o ss For all runs the values of t were between 10.5 seconds 
n(t)/n(0) =1- (1/w) 1+2 > (- 1)‘Lexp(—j e/a) and 23.0 seconds. 


j=l 


—jw erfc(jw/m')]}, (15) 3.9 


where w= (1/2)(a/Dt)!. The error function, erfc(jw/z'), 
is defined by the integral 








erf(jw/n!)=2/x4 [ exp(—2?)dz. (16) 


jw/x 





For the non-ideal geometry of the present diffusion 
cell, it was not feasible to use the method of Laplace 
transforms for solving the fundamental differential 
diffusion equation, Eq. (1), or to derive the form of the 
corrections which are required to convert Eq. (15) into 
the corresponding relation for the ratio i(#)/i(0). Ac- 
cordingly, by analogy with the relation between Eq. 
(14) and Eq. (3), it was assumed that the desired rela- 
tion, valid for small values of Di, could be written as 


i()/i(0)=1—s(Di)}, (17) 


where s is an unknown parameter. Higher order terms, 
originating from the summation in Eq. (15), have not , 1500 3000 


2H. S. Carslaw and J. C. Jaeger, Conduction of Heat in Solids t. sec 
(Oxford University Press, London, England, 1947), pp. 240-246, 5 
250-253; Operational Methods in Applied Mathematics, second Fic. 3. Typical experimental measurements. 


edition (Oxford University Press, London, England, 1948), pp. ————_—— - 
88-94, 271-276. 13 EF. P. Ney and F. C. Armistead, Phys. Rev. 71, 14 (1947). 
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(1947). 


GAS DIFFUSION COEFFICIENTS 


In addition to the correction for the finite time re- 
quired to open the slide, it is necessary to take into 
account the effect of the response time of the electrical 
circuit. This arises from the fact that the current i(t), 
which appears in Eqs. (14) and (17), refers to the 
saturation current in the ionization chamber, whereas 
the current which is actually measured is that which 
flows through the 10" ohm grid resistor in series with 
the chamber. Since there is capacity as well as resistance 
in the electrical circuit, these currents will not be the 
same, particularly at early times when i(¢) is changing 
rapidly. 

The correction for the effect of the response time 
may be obtained by considering the equivalent circuit, 
shown in Fig. 2, which consists of a source of emf E, 
the grid resistor R,, the effective dc resistance of the 
ionization chamber R,(/), which varies with time, and 
the capacities C, and C,. C, is the interelectrode ca- 
pacity of the electrometer tube and the distributed 
capacity of its leads, while C. is the capacity of the 
ionization chamber and the distributed capacity of its 
leads. Application of Kirchoff’s laws to the circuit in 
Fig. 2 leads to the relation 


di'(t)/dt+7'()/(R,C)=i()/(RC), (19) 


where 7’(#) is the measured current through Ry, i(é) is 
the saturation current through R,(¢), and C is equal to 
C,+C.. (Because of the difference in the length of the 
leads, C, in the present apparatus, has different values 
for the two sections of the diffusion cell, 83 uf and 
123 yuf.) There are two solutions to Eq. (19): one 
which is obtained by eliminating i(¢) through Eq. (14), 
and the other by eliminating i(/) through Eq. (17). 
The boundary conditions are the same in both cases, 
namely, 7’(0)=i(0) and i’(«)=i(). Substitution of 
i(t) from Eq. (14) yields an expression for i’(#) which, 
within the accuracy justified by the presence of but 
two terms in Eq. (14), differs from i(t) only in that the 
values of » and 6 are changed. Since these are deter- 
mined from experiment, it follows that measured values 
of i’(?) may be substituted directly into Eq. (14) with- 
out correction for the time of opening the slide or for 
the effect of the response time of the measuring circuit. 
Substitution of i(¢) from Eq. (17), however, and inclu- 
sion of the correction for the time of opening the slide 
produces the following final equation for use at early 
values of the time: 


(0/70) 
y2 
=1 spe —(1/y)exp(—¥") f exp(e ds, (20) 
Where ¢*=—0.7894r and y=[¢*/(R,C)]*. For large 


Values of y® the integral in Eq. (20) approaches 
[exp(y*)]/(2w). When this approximation is not ade- 
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Fic. 4. Applicability of equations for evaluating D: 
A. Eq. (14); B. Eq. (20). 


quate, values of the integral may be obtained from 
tables." 


RESULTS 


Experimental results for a typical diffusion run are 
shown in Fig. 3 where the ionization current 7’(), as 
measured on the dc amplifier and corrected only for 
background, is plotted against the elapsed time /, 
since the separating slide began to open. The full 
range of results shown in the plot were used to calculate 
a value of the diffusion coefficient by applying both 
Eqs. (14) and (20) as follows. 

An absolute value of D, at the temperature and 
pressure existing during the run, was obtained by using 
Eq. (14) for measurements between 900 seconds and 
2660 seconds. A special calculating procedure was used!® 
which requires values of i’(/) at equally spaced time 
intervals from the smooth curve. A plot was made of 
InAi’(t) vs t, where Az’(t) is the change in ionization 
current in a given constant time interval and ¢ is the 
initial time (the final time is also suitable) in the inter- 
val to which Ai’(¢) refers. If Eq. (14) is valid, a straight 
line of slope — kD should result, as shown in Fig. 4A. 
As previously indicated, k is a known constant whose 
value for the present apparatus depends slightly upon 
the absolute temperature 7, because of thermal ex- 
pansion of the brass tube in the diffusion cell. Its value 
may be represented by 


k=0.05363/(1+1.25X10-°T+9.8X10-°T%). (21) 


4W.L. Miller and A. R. Gordon, J. Phys. Chem. 35, 2785 
(1931); H. M. Terrill and L. Sweeney, J. Franklin Inst. 237, 495 
(1944) ; 238, 220 (1944). 

16 J. Lipka, Graphical and Mechanical Computation (John Wiley 
and Sons, Inc., New York, 1918), pp. 142-145. 
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TABLE I. Experimental values of the diffusion coefficient, D. 








A. The system, CO:—COs. 





D, cm?/sec D,cm?/sec D, cm?/sec Percent 

T, °K P,mm __ [Eq. (14)] [Eq. (20)] (smoothed) deviation 
194.8 157.0 0.0509 0.0518 0.0516 —0.4 
273.2 307.2 0.0956 0.0966 0.0970 +0.4 
312.8 490.4 0.1201 0.1220 0.1248 +2.3 
362.6 468.4 0.1707 0.1682 0.1644 —2.3 
Av= 14 

B. The system, CO2:—N20O. 

194.8 203.7 0.0550 0.0526 0.0531 +1.0 
273.2 319.7 0.0989 0.1006 0.0996 —1.0 
312.8 510.0 0.1297 0.1244 0.1280 +2.9 
312.8 323.3 0.1245 0.1292 0.1280 —0.9 
362.6 507.4 0.1709 0.1715 0.1683 —1.9 
Av= 1.5 








The measurements shown in Fig. 3 between 115 
seconds and 940 seconds were then used in Eq. (20) to 
adjust slightly the value of D derived from Eq. (14) 
to obtain a new value which is valid, within the esti- 
mated experimental error, over the entire time range. 
Values of i’(#) were plotted against (t*)*[1—F(y)], 
where 


y2 
F(y) =(1/y)exp(—9") f exp()dz, (22) 


to give a straight line with a slope of —i’(0)s(D)! and 
an intercept of 7’(0) as shown in Fig. 4B. (In all cases 
the intercept agreed with the measured value of 7’(0) 
within 0.1 percent, the experimental uncertainty.) The 
intercept was combined with the value of D previously 
obtained from Eq. (14) to calculate a value of s for the 
run in question. If Eq. (20) is valid, not only should the 
type of plot shown in Fig. 4B be a straight line for 
every run, but the value of s, except for a small tem- 
perature coefficient which is the same as that given for 
k in Eq. (21), should be the same for all runs in a given 
system. In fact, the similarity of the present systems, 
CO2—CO:2 and CO.—N;0, suggests that s should be 
the same for all runs since only differences in the effects 
of cross-over ionization and distribution would result 
in different average values for s for the two systems. 
Accordingly, all runs were treated in the manner just 
described for the typical run in Fig. 3 to obtain pre- 
liminary values of D and corresponding individual 
values of s. These s values showed a maximum devia- 
tion of 4.0 percent and the average deviation from the 
mean was 1.1 percent. They showed no trends and their 
average value for both systems was the same within 
+0.6 percent. Final experimental values of D for each 
run were obtained by combining a single average value 
of s and the appropriate value of i’(0) with the slope, 
—i’(0)sD*. These slopes, as well as those from Eq. 
(14), were obtained analytically by the method of 
averages. 

The results of the present investigation are sum- 
marized in Table I. The diffusion coefficients have been 
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referred to 1 atmosphere. Their values at the tabulated 





pressures existing during the runs may be obtained from 
the inverse relation between the diffusion coefficient § aft 
and the pressure. Since the mass of the radioactive § yah 
tracer was different from that of the normal gas, the per 
tabulated values of D were corrected to refer to diffu- § jow 
sion systems in which all molecules had the molecular § wa 
weight of the normal gas. The correction factor, which § p 
is the square root of the ratio of the reduced mass of § ny 
the experimental system to that of the system of like § phe 
molecules, amounts to 1.011 in the present case. The ff jhe 
basis for the correction is to be found in the Chapman- § ive 
Enskog expression for the first approximation to the § fort 
diffusion coefficient. The smoothed values of D shown § ghoy 
in Table I have been taken from the curves in Figs. 5A § who 
and 5B, which were drawn to provide the best fit for § nix: 
the values calculated from Eq. (20) without introducing § jjs 
inflections or curvatures which could only arise from J je , 
unrealistic forms of molecular interaction. The last § joy; 
column shows the percent deviations between these § jhe 
final smoothed values of D and those calculated from J jnye 
Eq. (20). T 
DISCUSSION vem 

mat 

In addition to the results of the present investiga- J exp, 
tion, Figs. SA and 5B show the values of D obtained by J figs 
other investigators. For the system CO2—COz, the J the 
only other measurements over a large range of tempera- § and 
ture are those made by Winn,°* who used a mass spec- § the 


trometer to follow the diffusion of CO: in a system 
similar to that of Ney and Armistead.” For the com- 
plete temperature range the average absolute deviation 
of his values from those on the smooth curve of Fig. 
5A is 1.7 percent. The average probable error cited by 
Winn for his results is 1.2 percent, and the internal 
consistency of the present results is 1.4 percent, as 
measured by the average of the percent deviations in 
Table I. Winter'’ also used a mass spectrometer to 
follow the diffusion of C’O'*0"* in an apparatus similar 
to that of Winn. After correction for the increased mass 
of the oxygen isotope, his mean values, which are 
reproducible to +1.8 percent, lie within 0.8 percent of 
the present smoothed values. 

For the system CO.—N,0 there are no investigations 
over a large range of temperature. Loschmidt'® deter- 
mined the extent of diffusion by chemical analysis and 
obtained two values of D near room temperature. His 
results, which are reproducible to +1 percent, show 
an average deviation of 0.8 percent from the curve of 
Fig. 5B. Using similar types of Loschmidt apparatus, 
Boardman and Wild!® and Wall and Kidder?® also ob- 
tained room temperature values of the diffusion ©0- 
efficient for this system. Boardman and Wild analyzed 
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16 See reference 1, p. 165. 

17E. R. S. Winter, Trans. Faraday Soc. 47, 342 (1951). 

18 J. Loschmidt, Sitz. Akad. Wiss. Wien 62, 468 (1870). ° , 

19 L. E. Boardman and N. E. Wild, Proc. Roy. Soc. (London) 
A162, 511 (1937). 

20 F, T. Wall and G. A. Kidder, J. Phys. Chem. 50, 235 (1946). 
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their gas mixtures chemically and obtained six separate 
values of D within a temperature range of 1.9 degrees. 
After correction to a common temperature, these 
values show an average absolute deviation of 1.7 
percent from their mean, which, in turn, is 2.6 percent 
lower than the corresponding present value. Similarly, 
Wall and Kidder obtained four independent values of 
D at a single temperature in a series of experiments 
in which gas mixtures were analyzed interferometrically. 
The average absolute deviation of the four values from 
the reported mean is 0.4 percent. The deviation be- 
tween this mean value and the curve of Fig. 5B is 
fortuitously small, 0.1 percent. The remaining points 
shown in the figure are those obtained by Obermayer™! 
who used a Loschmidt apparatus and analyzed his gas 
mixtures chemically. Although the reproducibility of 
his results is good, 0.4 percent, the accuracy seems to 
be poor as shown by the abnormally large average 
deviation, 5.1 percent, from the present results, and 
the lack of agreement with the results of the other 
investigators. 

The accuracy of the present D values for both sys- 
tems is estimated to be at least 1.5 percent. The esti- 
mate takes into account the reproducibility of the 
experimental measurements, the accuracy with which 
Eqs. (14) and (20) can represent these measurements, 
the percentage deviations in the last column in Table I, 
and the agreement of the present smoothed values with 
the results of other investigators. It is interesting to 
observe that the final D values for the system CO.— N:O 
are consistently higher than those for CO2—COsz by 2.6 
+0.3 percent. Since this consistent difference is greater 
than the estimated error, the authors feel that the result 
tan be attributed to the lack of complete physical 
entity of the isosteres CO. and N.O. Small differences 
must certainly exist between the intermolecular forces 
if COz and N2O as compared with those of COz2 and 


7 A. v. Obermayer, Sitz. Akad. Wiss. Wien 81, 1102 (1880). 
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Fic. 5. Experimental values of D. A. COo—CO2: + Winn; 
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COs, and such differences could give rise to the observed 
trend. 
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The infrared spectra of single crystals of NaNO, were obtained in polarized light. The polarization be- 
havior of the strong absorptions leads to the following assignment of the nitrite fundamentals », = 1325 cm=, 
ve= 831 cm™, and v3= 1360 cm™. Other bands of lower intensity are observed. A combination band (»+3) 
at 2670 cm™ shows a polarization behavior in accord with site group selection rules. An effect is discussed 
which results from the use of an infrared microscope in the investigation of polarization spectra. 





INTRODUCTION 


HE present investigation of the polarized spectra 
of crystalline NaNO, was undertaken with two 
purposes in mind. First it was anticipated that this 
study might definitely establish the fundamental fre- 
quencies of the nitrite ion. Previous investigations of 
this subject were not entirely conclusive.'~* Second, the 
simplicity of both the nitrite spectrum and the crystal 
structure* of NaNO: allows us an opportunity to test 
with some confidence certain aspects of a theory of the 
spectra of crystals.® 


EXPERIMENTAL 


Crystals of NaNO: were grown by evaporation of 
aqueous solutions at room temperature. The crystal 
habit is such that (001) plates are usually formed.{ The 














b 


Fic. 1. Diagram of unit cell of NaNO». Clear circles at a=0, 
shaded circles at a=} (after Ziegler). 


* The work herein described was supported by the ONR under 
Contract N6-ori-102, VI. 

{ Contribution No. 1631 from the Gates and Crellin Labo- 
ratories. 

1C. R. Bailey and J. W. Thompson, Nature 135, 913 (1935). 

2D. Williams, J. Am. Chem. Soc. 61, 2987 (1939). 

3 A. Langseth and E. Walles, Z. physik. Chem. B27, 209 (1934). 

4G. E. Ziegler, Phys. Rev. 38, 1040 (1931). 

5H. Winston and R. S. Halford, J. Chem. Phys. 17, 607 (1949). 

t Identification of crystal orientations was achieved both 
through simple goniometric measurement and by observation of 
the refractive indices. The latter were compared with Ziegler’s 


thickness of the plates depends upon the rate of 
evaporation. By a very rapid evaporation (under 
vacuum) of a film of solution spread on a glass surface, 
very thin crystal plates several mm on an edge were 
formed. By slow evaporation, plates about a mm thick 
and several mm on an edge could be formed. For the 
studies of the (001) plates, the sections were suitably 
mounted for use with our microilluminator® and ap- 
propriate spectra taken. It was also possible to obtain 
thin (001) plates of sufficient size to use directly in the 
parallel light beam between source and spectrometer. 
(010) sections were prepared from the thicker crystal 
plates by the hand polishing technique previously 
described.’ These were likewise suitably mounted for 
use in the microilluminator. 

The spectra were taken using a Beckman IR-2 
spectrometer (NaCl optics). The microilluminator was 
equipped with a low temperature cell so that samples 
could be cooled to liquid nitrogen temperature. A silver 
chloride polarizer was used. 


SELECTION RULES 


Sodium nitrite forms orthorhombic crystals having 
space group symmetry C2,”° with two molecules per unit 
cell.t The NO groups are found to be isoceles triangles 


with the N—O bond distance equal to 1.13A and the | 


O—N-—O bond angle equal to 132°. The nitrite groups 
occupy sites of full C2, symmetry. The two occupied 
sites of the unit cell have parallel symmetry elements. A 
diagram of the unit cell is shown in Fig. 1. 

Under the site symmetry just described the selection 
rules of the nitrite ion in the crystal are those of the 
isolated ion. Namely, »1, the symmetric stretch and ”, 
the symmetric bend should be active parallel to the C: 
axis, while’y3, the asymmetric stretch should be active 
only perpendicular to the C2 axis. All activity, of course, 
takes place in the molecular plane. In terms of the 
crystal axes, therefore, it is to be expected that »; and 
should be polarized along b and v3 should be polarized 


(reference 4) values. In this connection we have found that the 
principal refractive indices were a= 1.35, 8=1.41, and y= 1.62, as 
compared to a=1.35,:8=1.46, and y=1.65 reported by Ziegler. 
Our standard liquids were uncalibrated but they are probably g 
to 0.01 of a unit. 
6 R. M. Badger and R. Newman, Rev. Sci. Instr. 22, 935 (1951). 
7R. Newman and R. S. Halford, J. Chem. Phys. 18, 1276 (1950). 


444 





ass 


CH, 1952 


e rate of 
on (under 
ss surface, 
edge were 
mm thick 
d. For the 
e suitably 
‘6 and ap- 
» to obtain 
ctly in the 
ctrometer. 
cer crystal 
previously 
ounted for 


man IR-2 
inator was 
at samples 
re. A silver 


als having 
les per unit 
2s triangles 
A and the 
rite groups 
9 occupied 
lements. A 


e selection 
ose of the 
tch and 7, 
1 to the C: 
1 be active 
, of course, 
ms of the 
it vy, and ”2 
> polarized 


ind that the 
1d y= ee as 
1 by Ziegler. 
robably good 


», 935 (1951). 
1276 (1950). 


INFRARED SPECTRUM OF NaNO; 
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1200 400 70O 2000 3000 
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Fic. 2. Polarized spectra of NaNO:. The a and 6 spectra were 
taken in parallel light from a (001) crystal about 15y thick. The 
dotted curves show the additional absorption resulting from the 
use of the microilluminator. The ¢ spectrum was taken in the 
microilluminator from a (010) crystal about 30y thick. 


along c. The a spectrum should be devoid of any activity 
involving nitrite fundamentals alone. 


Results and Discussion 


In Fig. 2, we have shown the polarized spectra of 
NaNO:. The frequencies observed are listed in Table I. 
The spectra shown were obtained either with the 
microilluminator or by using parallel light, as indicated 
in the caption. 


Fundamentals 


An examination of the 5 spectrum for the very thin 
samples shows that there are two strong sharp bands 
present, one of 831 cm™ and the other at 1325 cm. A 
search down to 400 cm with a KBr spectrometer failed 
to show the presence of any bands below that at 831 
cm~. It would therefore seem reasonable from polariza- 
tion and intensity considerations that the two strong 
bands are the v; and v2 fundamentals. Their frequencies 
almost necessitate their assignment as »;=1325 cm7 
and y»=831 cm. When (001) crystals are studied in 
the convergent light beam of the microilluminator the 
aand 6 spectra show the presence of a band at 1360 
tm. This phenomenon will be discussed below. 

The c spectrum shows the presence of a wide region of 
intense absorption extending from about 1170 to 1370 
cm. There are also several much weaker absorption 
bands in the spectrum. No section was obtained which 
was thin enough to completely resolve the region of 
intense absorption into its component bands. However, 
lor reasons which will be discussed later there is a 
mixing of the orthogonal spectra, a, b, and c when the 
microilluminator is used. It is our view that the band at 
1360 cm}, which only appears in the a and b spectra 
when these are obtained with convergent light (the 
dotted curves of Fig. 2) is derived from c. Its intensity 
nh the thinnest samples suggests most strongly that we 
assign it as the c active fundamental, v3= 1360 cm=. 

The absorption bands which we have ascribed to 
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fundamentals are quite intense. The intensity ratios 
I(v3)/I(v1) for other molecular groups of a structure 
similar to the nitrite ion (e.g., NOx, Os, HO, etc.) are 
always large. This would also be expected to be the case 
for the nitrite spectrum. Considering the strength of the 
v; band it is, therefore, not surprising that, even for the 
thinnest (010) sections at our disposal, the vs band 
showed complete absorption. The bands are notably 
sharp. The 831 band is particularly so. At room temper- 
ature it has a width at half-height of 8 cm™. At liquid 
nitrogen temperatures this is reduced to 6.5 cm™. For 
v; the width changes from 15 cm™ at room temperature 
to 10 cm™ at liquid nitrogen temperature, for v3 the 
corresponding change is from 20 cm to 15 cm“. 

One can obtain some check on the validity of the 


proposed assignment of fundamentals by seeing how 


well it satisfies a valence force field. Employing the re- 
ported apex angle of 132° one finds that our frequencies 
satisfy such a field to about 5 percent in the sense of the 
consistency of the three determining equations.* This is 
about the order of agreement that one often finds for 
other bent symmetrical triatomic groups. The force 
constants calculated on this basis are ki: =6.0X 10° and 
k;/?=2.8X 10° dynes/cm for the stretching and bending 
constants, respectively. 
Using the more general force field of the form 


2V= ki(OP+02?)+2h120102+ ki® 
one finds the following sets of force constants 


ky=7.5 or 7.0X 10° dynes/cm, 
ky2=1.5 or 1.0X 10° dynes/cm, 
k;/P?=1.8 or 2.0 10° dynes/cm. 


As a companion study we have also observed the 
spectrum of powdered crystalline KNO:.§ We find that 
there are apparently three strong bands at 1290, 1250, 
and 805 cm. On comparing these frequencies with 
those found for the sodium salt it would seem reasonable 
to make the following assignment: »,=1250 cm™, 
v2= 805 cm, v3=1290 cm. The decrease in the fre- 


TABLE I. Frequencies (cm) observed for NaNO». 








b Assignment 





Ve 


970 
1170 


to 
1300 


1360 
2120 
2670 


(NO.—) + (Lattice) 


Vi 


V3 
(vo+v3)? 
vives 








8G. Herzberg, Infra-Red and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
p. 169. 

§ To avoid the complications resulting from the deliquescence of 
this substance, samples were cooled to dry ice temperature in 
vacuum. 
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quencies in going from NaNO: to KNO: varies from 3 
to 6 percent. Qualitatively this shift is perhaps: pre- 
dictable, since the potassium salt possesses a more open 
lattice than does the sodium salt. However, an ele- 
mentary attempt to calculate the magnitude of the 
shift, using nearest neighbor interactions, met with no 
conspicuous success. 


Combinations 


Of the bands observed in the NaNOz spectra, other 
than those which we have assigned as fundamentals, 
there are only two, a weak band at 2120 cm™ and a very 
intense band at 2670 cm™ that can be assigned with 
reasonable assurance as combination bands arising from 
molecular modes. We have assigned these as v2+ v3 and 
v1+ v3, respectively. It is of interest that a strong »1+ 73 
band is often observed in the spectra of other bent XY» 
molecules. 


A number of other bands are found throughout the - 


spectrum. We have indicated that these are probably 
combinations of molecular modes and lattice modes. 
There is, however, no apparent regularity in their fre- 
quency pattern. The strongest of these bands are found 
in the 1300 cm™ regions. The Raman spectrum of 
crystalline NaNO: was reported to have shown broad 
diffuse bands in this vicinity.’ 

It is notable that the bands which we have been 
discussing show good polarization effects. Particularly 


impressive is the fact that the v;+ 7; band is active in 
the sense predicted by site group (factor group) selection 
rules. The general group theoretical approach to crystal- 
line spectra allows for a complete relaxation of selection 
rules for combinations.* Our result may then perhaps be 


9G. E. Ziegler, Z. Krist. 94, 491 (1936). 
10 W. R. Angus and A. H. Lechie quoted in reference 1. 


ROGER NEWMAN 


taken as evidence that the simpler site group (factor 
group) critique provides a more useful description of 
experimental facts in cases of this sort. 


Use of Convergent Light 


Before concluding we should like to mention a 
interesting effect that has been observed using the 
convergent light beam of the microilluminator. This 
effect is typified by the behavior of the 1360 cm“, », 
band. 

It will be recalled that the a and b spectra were taker 
from a naturally grown (001) crystal plate. When used 
with the microilluminator, this was placed at the focus 
of the convergent light beam with its normal paralle 
to the axis of the beam. In this situation it is obvious 
that what we nominally term the a and 6 spectra wil 
contain contributions from the ¢ spectrum. Estimates 
based upon the geometry of the microilluminator sug. 
gest that the contribution of the c spectrum to the 
observed spectra would be of the order of 25 percent. 
Empirical evidence, based on the residual transmission 
in the 831 and 1325 bands in thick crystals suggest that 
this contribution is about 20 percent. Thus, we would 
expect that the 1360 cm™ band should appear in thea 
and 6 spectra absorbing at most about 20-25 percent of 
the available light. In contrast to this stands the ob- 
served fact that this band absorbs 60 to 70 percent of the 
available light. That this arises solely through the use of 
convergent light is shown by the virtual absence of such 
absorption for spectra taken with the sample in parallel 
light. We do not, at present, fully understand this 
apparent enhancement in absorption. However, our 
observation at least points out a serious problem in the 
use of infrared microscopes for quantitative polarization 
work. 
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The Molecular Structure of MoF,, WF,, and UF, from Infrared and Raman Spectra*} 
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This paper is a report of the complete investigation and interpretation of the Raman and infrared spectra 
of MoFs, WF¢, and UFs. The Raman photographs of MoF. and WF, exhibit three intense lines in accord 
with earlier measurements on UF, in solution. The exploration of the infrared spectra of MoFs and WFs 
from 2-40u yielded a great many bands for each molecule. Two of these were quite intense in each case and 
were identified as fundamentals while the remaining weaker ones were identified as overtones and combina- 
tions. The infrared spectrum of UF. was repeated from 2-17, with substantially the same results as in the 
earlier work. Extension of this spectrum from 17-40u was made and three new bands were discovered. 

Because of the great similarity of the spectra of these three molecules, an interpretation of the bands was 
made along lines suggested by Bigeleisen, Mayer, Stevenson, and Turkevich for UFs, that the molecule 
belongs to the point group Oy, and has totally symmetric octahedral structure. It was possible to fit all but 
five very weak bands into an identification scheme based on this model. The success of this effort is taken to 
be conclusive evidence in favor of the O; type symmetry. 





INTRODUCTION 


HE question as to whether the molecule UF, 
belongs to the totally symmetric point group O, 
or has some lower symmetry has not, up to the present, 
been settled, although a number of different types of 
investigations have been made. It was, therefore, the 
purpose of this investigation to perform such additional 
infrared experiments on UF as seemed necessary and to 
observe the infrared and Raman spectra of the analo- 
gous molecules MoF’s and WF, in order to settle this 
point or at least to throw some new light on the problem. 
The structure of the hexafluorides of molybdenum, 
tungsten, and uranium have been studied with electron 
diffraction techniques by Braune and Pinnow.! The 
model most consistent with their measurements was an 
octahedron in which the X-F distances lay along the 
rectangular axes and were in the ratio 1.00 to 1.12 to 
1.22 for all three compounds. They did not, however, 
entirely exclude the regular octahedron in which the 
X-F distances were all equal. 

More recently, Bauer? has studied the electron 
diffraction by UF s. He found that, while his experimental 
results were to some extent in harmony with those of 
Braune and Pinnow, a more careful interpretation ap- 
peared to rule out the structure proposed by them, as 
well as the totally symmetric one. He proposed, instead, 
amodel without a center of symmetry as the one which 
best fit his data. 

Bauer, himself, pointed out two major difficulties 
with this model: the first was the inferred zero dipole 
moment from dielectric constant measurements of 


oo 


*This document is based on work performed for the AEC by 
Carbide and Carbon Chemicals Company at Oak Ridge, Ten- 
essee, 

t The data on MoF, were presented at the S. E. S. A. P. S. in 
Chattanooga (Phys. Rev. 83, 485(A) (1951)), and the material of 

S paper was presented at the Columbus Symposium, June,1951. 

Department of Physics, University of Tennessee, Knoxville, 
ennessee, 

'H. Braune, and P. Pinnow, Z. physik. Chem. B35, 239 (1937). 

*S. H. Bauer, J. Chem. Phys. 18, 27 (1950) ; 18, 994 (1950). 


Smyth and Hannay.’ They found the dipole moment to 
be less than 0.5 and probably less than 0.3 Debye unit. 
Bauer suggested that differences in bond characteristics 
could yield zero or at least small dipole moments. More 
precise measurements have recently been made by 
Magnuson‘ using a microwave refractometer. His 
measurements indicate that the dipole moment is less 
than his minimum detectable dipole moment of 0.15 
Debye unit. 

The second difficulty was in connection with the suc- 
cess of Bigeleisen, Mayer, Stevenson, and Turkevich® 
who interpreted the observed vibration spectrum of UF 
on the basis of the totally symmetric model. The 
infrared data were obtained on the gas from 2-174 and 
the Raman frequencies were obtained from solutions of 
UF. in C7Fi6, as well as from limited exposures on 
pure UFs. 

After the present Raman spectra of MoFs and WF 
had been obtained, a recently published paper by 
Tanner and Duncan® was discovered in the literature in 
which they give substantially the same results for the 
Raman effect of these two molecules as are herein 
reported. As there were differences in technique which 
might be of sufficient interest to merit inclusion, com- 
ment will be made on the present Raman work later in 
the paper. 


EXPERIMENTAL DETAILS 
Sample Preparation and Handling 


The samples of MoFs¢, for which the infrared and 
Raman spectra were obtained, were prepared by W. L. 
Colvin by direct fluorination of molybdenum metal. The 
WF; was prepared by A.V. Faloon and W. B. Kenna by 
direct fluorination of tungsten. Mr. G. Oliver furnished 


3C. P. Smyth and N. B. Hannay, Princeton University, 
October 1, 1944 (MDDC-441). 

“D. W. Magnuson, J. Chem. Phys. (to be published). 

5 Bigeleisen, Mayer, Stevenson, and Turkevich, J. Chem. Phys. 
16, 442 (1948): 

®K. N. Tanner and A. B. F. Duncan, J. Am. Chem. Soc. 73, 
1164 (1951). 
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Fic. 1. Microphotometer trace of the Raman spectrum of MoFs. 











a number of samples of UF. of high purity for the 
infrared measurements on that gas. Further purification 
by a series of fractional distillations was carried out 
during the course of measurement of the spectra. The 
MoF, and WF, samples were nearly water-clear liquids 
with fairly large vapor pressures. Sample purification, 
preparation, and handling was carried out exclusively in 
copper, nickel, or fluorothene systems. The metal 
systems were carefully conditioned for fluorine com- 
pounds before the samples were admitted. Several 
flushings of the systems with the samples were then 
carried out in order to maintain sample purity through- 
out the investigation. In the case of the infrared spectra, 
repeated runs were made on successive fractions until 
the records showed no apparent changes in the observed 
bands from record to record. The crude distillations 
performed between records made possible the detection 
and elimination of several impurity bands. Several 
impurities were detected in this way though the im- 
purity itself was never actually eliminated from the 
sample. Bands ascribed to impurities have been omitted 
from the records shown herein. The gases were never 
exposed to glass or silica, and no traces of SiF, were 
observed. Small amounts of HF were, however, never 
entirely eliminated. 


Raman Spectra 


The Raman spectra of MoFs and WF were photo- 
graphed on a Lane-Wells Raman spectrograph and 
source unit. The exciting lines were the mercury 4047A 
with no filter, and the mercury 4358A filtered by 
Rhodamine 5 GDN extra and paranitrotoluene. Satis- 
factory exposures were made with minimum line breadth 
in about 20 minutes. Raman tubes of fluorothene’ were 
used for all three molecules. Such Raman tubes have the 
advantage that they prevent reaction between the 
sample and the vessel, but they have the disadvantage 
that they prevent the making of polarization measure- 
ments because of the innate inhomogeneity of the 
material. Purity of sample is preserved at the expense of 
polarization data. 


ob) Kirby-Smith and E. A. Jones, J. Opt. Soc. Am. 39, 780 
9). 


SMITH, AND NIELSEN 


Attempts were made to obtain Raman photographs of 
liquid UF, in the fluorothene Raman tubes. Because of 
the sublimation of UF it was necessary to operate at 
elevated temperatures and pressures to keep it liquid. 
The fluorothene, which is thermoplastic, ruptured under 
these conditions and this phase of the investigation was 
abandoned. 


Infrared Spectra 


The infrared spectra of all three compounds were ob- 
served from 2 to about 40u with Perkin-Elmer spectro- 
graphs models 12C and 21 equipped with NaCl, KBr, 
and KRS-5 prisms. The gases were contained in 10-cm 
fluorothene’ cells closed with AgCl, KBr, or KRS-5 
windows depending upon the region investigated. The 
windows were sealed to the cells with a low melting 
polymer of trifluoro-monochloroethylene. The cells were 
maintained at room temperature and the maximum 
pressure of the gas in the cells was the vapor pressure of 
the liquid for that temperature. Several records were 
made with gas in a modified Perkin-Elmer one-meter 
cell. No appreciable increase in information was obtained 
over the 10-cm cell. 

Although the cell windows were attacked to some 
extent by these corrosive gases, and their transmission 
was impaired in certain spectral regions, it was generally 
possible to make observations over long enough periods 
to obtain the data without having to repolish the 
windows. 


EXPERIMENTAL RESULTS 
Raman Spectra 


Microphotometer traces of the Raman photographs 
of MoFs and WF, are shown in Figs. 1 and 2, respect- 
ively. For each molecule three quite intense lines were 
observed. This is in agreement with the observations of 
Tanner and Duncan.® The Raman data for MoF., WFs, 
and UF. obtained by the various investigators have 
been collected in Table I for comparison. It may be seen 
that the agreement between the present values and 
Tanner and Duncan’s for MoFs and WF, is very good. 

The polarization data of Tanner and Duncan‘ make it 
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Fic. 3. The infrared prism spectrum of MoF from 2-40yz. 


reasonable to assign the intense lines 741 cm™ and 
772 cm™ in MoFs and WFs, respectively, to the totally 
symmetric mode »;. The mode 7 is probably of higher 
frequency than the deformation frequency vs, and thus 
vis probably best identified as 672 cm™ and 645 cm~, 
while v5 is 316 cm and 322 cm-' for the two molecules, 
respectively. 


Infrared Spectra 
The infrared spectra of MoFs, WF¢, and UFs are 


shown in Figs. 3, 4, and 5, respectively. No infrared 


TaBLE I. Observed Raman lines (cm=) for MoFs, WF, and UF.. 


_ 











MoF¢ WFs UF 6 
Burke, Smith, Nielsen 741 772 
. Tanner, Duncan* 736 769 oe. 
Bigeleisen, Mayer vee one 656 
Stevenson, Turkevich 
Burke, Smith, Nielsen 645 672 
»,4 Fanner, Duncan 641 670 vee 
Bigeleisen, Mayer see ee 511 
Stevenson, Turkevich 
Burke, Smith, Nielsen 322 316 
», Tanner, Duncan 319 322 tee 
Bigeleisen, Mayer vee ove 200 
Stevenson, Turkevich 








See reference 6. 


a 
>See reference 5. 


information on the first two of these was to be found in 
the literature, and the data given here is thus com- 
pletely new. The region from 17-384 in UF had not 
previously been explored and is new information. The 
repetition of the 2-17 region in UF confirms the work 
of Bigeleisen, Mayer, Stevenson, and Turkevich.® 


MoFs 


In Fig. 3 is shown the complete infrared spectrum of 
MofF; plotted in percent transmission versus frequency 
in cm for several different pressures of gas and 
recorded with NaCl, KBr, and KRS-5 prisms in the 
appropriate regions. 

Twenty-two absorption bands were detected of which 
the two at 260 cm™ and 741 cm™ were very intense and 
were assumed to be fundamentals. The remainder were 
taken to be overtones and combination bands and, with 
the exception of four, have been identified in terms of 
permitted transitions in the totally symmetric octa- 
hedral model. The frequency assignment is discussed in 
a later section. No structure was discernible in any of 
the bands although an effort was made to discover 
structure with the best resolution afforded by the 
prisms. The complete list of frequencies and assignments 
for MoFs are given in Table VI. 
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Fic. 4. The infrared prism spectrum of WF, from 2-40xz. 


WF; 


The complete infrared spectrum of WF¢ is shown in 
Fig. 4 plotted in percent transmission versus frequency 
in cm™ for various pressures, and recorded with the 
prisms available. 

Nineteen absorption bands were detected of which the 
two at 258 cm™ and 712 cm“ were very intense and 
were assumed to be fundamentals. The remaining bands, 
with the exception of one, have been fitted into an 
identification scheme which is consistent with permitted 
transitions for the assumed model. In this case the band 
at 712 cm™ appears to resolve into three maxima, the 
central line being sharp and intense. No other band, 
however, exhibited any structure. A complete list of the 
observed bands is given in Table VII. 


UF ¢ 


The infrared spectrum of UF displayed in Fig. 5 is 
plotted in the same manner as is shown in Figs. 3 and 4. 
The very intense band at 623 cm™ is very likely a 
fundamental corresponding to the two intense bands at 
741 cm and 712 cm™ in MoFs and WF, respectively. 
This band, like the one in WF¢, shows indications of 
having three maxima. The low frequency fundamental 
in UF, which corresponds to the 260 cm™ band in 
MofF; and to the 258 cm™ band in WF, lay beyond the 
range of the spectrographs, but was predicted at 200 
cm™ by Bigeleisen ef al. A band, reported by these 


authors at 675 cm, showed doublet structure under the 
present higher resolution. The maxima occur at 6/1 
cm and 677 cm™, respectively. Though these maxima 
are only 6 cm™ apart and it is believed that this is a 
single band, it is conceivable that two bands overlap 
here to make this region as intense as it is. The re- 
mainder of the bands were ascribed to overtones and 
combinations and are listed in Table VIII. 

The region 2-17 reported by Bigeleisen and co- 
workers was repeated for confirmation and was found to 
be virtually identical with their measurements. Three 
new bands at 279 cm™, 350 cm™, and 392 cm“ were 
discovered between 17—40y in the extended region. 


Discussion and Band Assignment 


The great similarity of these spectra is immediately 
apparent from a comparison of Figs. 1-5 inclusive. Each 


TABLE II. Observed frequency, symmetry, activity, and 
assignments of fundamentals in MoFs, WFs, and UF. 








Sym- 
metry 


Assign- 
ment WFs 
772 cm™ 656 cm™ 
672 511 

712 640° 

258 200 (calc) 
316 200 ; 
215 (calc) 130 (calc) 


————— 


MoF¢ 


741 cm™ 
645 

741 

260 

322 

234 (calc) 


Activity 





V1 A lg R 

v2 E, R 

V3 Fiz IR 

V4 Fix IR 

V5 Fog R 

V6 Foy Inactive 








* Unperturbed value of vs which is in resonance with v2+v6. 
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Fic. 5. The infrared prism spectrum of UF from 2-40xz. 


spectrum is characterized by three intense Raman lines 
and two§ intense infrared absorption bands. 

A seven-atom totally symmetric molecule with octa- 
hedral structure belongs to the point group O, and has 
six normal frequencies, v; (singly degenerate), v2 (doubly 
degenerate), and v3, v4, vs, and v¢ (triply degenerate). Of 
these, v1, v2, and vs are Raman-active, v3 and v4 are 
infrared-active, and y¢ is inactive in both Raman and 
infrared. The observed spectra of the fundamentals of 
MoF’s, WF, and UFs, therefore, satisfy the predicted 
spectrum of a molecule with this type of symmetry. The 
normal modes of vibration and their symmetry classes 
have been discussed in some detail by Herzberg. The 
lurther test which the model must stand is whether or 


TABLE IIT. Binary summation bands permitted 
by symmetry rules. 
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Symmetry 


Fi 


Binary combination 


n+; 
wits 
votvs3 
vot 
votve 
V3a+Vs 
va+ys5 
vetve 





lu 
FiutFou 
FiutFou 
FiutFou 
Aout EutFiutFou 
AogutEutFiutFou 
AjutEutFiutFou 


not the remaining observed bands in the infrared can be 
accounted for in terms of combinations permitted by the 
symmetry rules applicable to this model. Such an 
investigation follows for all the observed bands of the 
three molecules. 

The fundamental frequencies in MoF and WF, have 
been assigned in accord with the frequency assignment 
made by Bigeleisen e¢ al.*:|| for UFs. These frequencies 
are collected in Table II together with the symmetry 
species and activity of the vibration mode. 

Only vibrations of symmetry species F}, are active in 
the infrared spectrum of a regular octahedral XY¢ 
molecule. To make assignments of the remaining ob- 
served bands it was necessary to investigate the activity 
of overtones, binary, and ternary combination bands. 
Tables 29, 31, 32, and 33 given by Herzberg’ were 
consulted for the rules which apply in forming combina- 
tions. It may easily be seen that all of the first overtones 
are forbidden. Of the fifteen possible combinations of 
the fundamentals into binary summation bands only the 
eight given in Table III are permitted, i.e., contain an 
F;, component. Binary difference bands are permitted 
in all cases where the summation bands are permitted. 
Difference bands would, however, be likely involving 
only the low frequencies »4, vs, and vg as for example 








a 


§ The low frequency infrared band », of UFs lies beyond instru- 
ment range. 

*G, Herzberg, Infrared and Raman Spectra (D. Van Nostrand 
Company, Inc., New York, 1945), p. 122. 


|| The present numbering of the frequencies follows Herzberg 
(see reference 8). Thus, in the present notation »; and v2 are the 
same as given by Bigeleisen e al., but v3, v4, vs, and ve are the 
same as their ve, v5, v3, vs, respectively. 

® See reference 8, pp. 123, 126, 127, and 129. 
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TABLE IV. Binary combination bands. 








Summation 


Obs 
freq. 


Assign- 
ment 


Calc 
freq. 


Obs 
freq. 


WFs 
Calc 
freq. 


Obs 
freq. 





1480 cm 
1002 
1385 
913 
882 
1052 


vitvs 
vit 
vetvs 
vot 
votve 
vats 
Vatvs 
Vstve 


1482 cm™ 
1001 
1386 
905 
879 
1062 
582 
556 


1025® 

1383 
928 
871 

1025 
573 


385 
411 
419 


vo—-V4 
vo V6 
V3—V5 


4358 


448 
435 di 


1481 cm™ 


Difference 


1484 cm™ 
1030 
1384 
930 
887 
1028 
574 
531 


1288 cm7 
850 
1159 
715 
674 
825 
3928 
350 


414 
457 
396 











8 Indicates possible alternative assignments for this frequency (see Table V). 


b Perturbed value caused by resonance with v3. 


TABLE V. Ternary combination bands. 








MoFs 


Assignment Symmetry 


Obs 
freq. 
cm~! 


Cale 
freq. 
cm~! 





33 
2n1+v2 
2ve+v3 
2vstr4 
v3t2v4 
34 
Vitvs— ve 
2v4— v6 
2vs—v4 
2v1— v6 
vitvstve 
2vo+v6 
2vo—v6 


2vatve 


Aout2FiutFeu 

Fiy 

2FiutFeu 

A jut Eut3Fiut2F ou 
2FiutFou 

2FiutFou 
AjutEutFiutFou 
A tut Eut2Fiut3Feu 
AjutEut3Fiut2Fou 
Fiyt2Fou 
AjutEutFPiutFou 
Fiut2Fou 

Fiyut2Fou 
AjutEyt2Fiut3Fou 


2223 
2127 
2031 
1742 
1261 
780 
829 
286 
384 
1248 
1297 
1524 
1056 
754 


2130 


2050 


796 
855 7158 
“oe 279 
367 ve 
ee 1159 
1316 b 

1580 


1159 
1148 cig 











8 Indicates possible alternative assignments (see Table IV). 
b Unobserved with 0.14 meter equivalent path length at S. T. P. 


v2— V4, ¥3— v5, etc. A great many of the difference bands 
would lie beyond the limits of observation of most 
infrared spectrometers. After the assignment of the 
binary bands the remaining bands were ascribed to 
ternary combinations of which there are a great many 
having an F\, component. The interpretations of the 
infrared spectra of the three molecules have been listed 
in Tables II, IV, and V. Table II gives the fundamentals, 
Table IV the binary combinations and Table V, the 
ternary bands and any others of higher order. 

In connection with their work on sulfur hexafluoride, 
Yost, Steffens, and Gross!® developed the expression, 
>= v2?-+- $v", which relates the three Raman-active 
frequencies. They also quote an expression v;?/v¢_’=2, 
which they attribute to Dr. E. B. Wilson, from which 
the inactive frequency may be computed. When the 
first of these two expressions is applied to the funda- 
mentals of MoFs and WF good agreement is achieved, 
but for UFs the calculated value of v:=565 cm™ agrees 
poorly with the observed »;=656 cm™. The second 


Yost, Steffens, and Gross, J. Chem. Phys. 2, 311 (1934). 


relation applied to the three molecules gives about the 
same agreement for all three. The relation was used only 
to give the order of magnitude of vs, and values were 
chosen in this vicinity which gave the best agreement 
among the binary combinations. In any case the differ- 
ence between the computed value and the value used is 
no more than 8 percent. This is probably within the 
accuracy of the relation. Bigeleisen ef al. chose the 
value 130 cm= for vg in UF, because when combined 
with v2 to form v2+ ¢ this frequency was accidentally 
degenerate with v3. It was with this device that they 
explained the positions of the bands at 623 cm™ and at 
674 cm~. It was not possible to pick more satisfactory 
frequency values for the fundamentals in UF’, than 
those suggested by Bigeleisen e/ al. They are, therefore, 
the values used in Tables II, IV, V, and VIII. 

Four very weak infrared bands in the spectrum 0! 
MoF, remain unassigned. Their frequencies are 49° 
cm-!, 648 cm™, 970 cm™, and 1175 cm“. They are 
assumed to belong to the MoF system because it was 
not possible to show experimentally that they were 
impurities. It is perhaps likely that they are combina- 
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tion bands of higher order than ternary. Several 
coincidences are worth pointing out: the bands at 455 
cm and 648 cm agree closely with the calculated 
positions of the forbidden 2y¢ and 2y; respectively, and 
the band at 970 cm™ falls within 5 cm™ of the calcu- 
lated position of the forbidden binary »;+ 5. Another 
interesting coincidence is the degeneracy of v; observed 
in Raman effect and v3 observed in the infrared. Both 
have the frequency 741 cm. These are the strongest 
lines in the spectra. Eighteen of the twenty-two ob- 
served bands can easily be accounted for by assuming 
the totally symmetric model. 

In WF¢ only the weak band at 985 cm™ cannot be 
satisfactorily explained. This band agrees closely with 
either of the forbidden binaries »;+¢ at 987 cm™ or 
vty, at 988 cm. A more likely assignment would 
probably be that it is a higher order combination band. 
Six of the eight permitted binaries were observed while 
none of the forbidden overtones were observed. 

No bands were left unexplained in UF. It was pointed 
out by Bigeleisen et al.> that there appeared to be a 
resonance interaction between v3 and vo+v¢ in UFs. 
This was a likely explanation of the facts that v2+ 16 
calculated at 641 cm™ actually occurred at 674 cm™ 
and was much too intense compared with other binaries 
(Fig. 5) and that fromm other combination bands the 
value of vs appeared to be nearer 640 cm™ than 623 
cm! where it was observed. Such an explanation is 


TABLE VI. Frequencies and assignments of observed 
bands in MoFs. 











Obs Cale 

freq. freq. 

(cm~) (cm~) Assignment Intensity 
Inactive 234 V6 

260 TR tee V4 m 

322 R sae V5 

419 V3g—-V5 
435 IR or or vw 
411 Vo2—-V6 

455 7R (468?) (26?) vw 

645 R tee V2 

648 IR (644?) (2v5?)® w 

741 R see V1 

741 IR tee V3 vs 

764 IR 754 2vatrye m 

777 IR 780 34 m 

833 IR 829 vitvs—ve vw 

882 IR 879 vote vw 
913 IR 905 vot, w 
970 IR (975?) (vi +6?) vw 
1002 JR 1001 vitys vw 
1052 TR 1062 v3tvs w 
1175 7R : tee ? vw 

1261 Qvat V3 
1265 IR { or { or vw 
1248 2r1— v6 

1385 TR 1368 Vvotv3 m 
1480 7R 1482 vitv3 m 
1585 IR 1524 (2v2+ v6?) vw 
1740 IR 1742 2v3t+ve' vw 
2030 IR 2031 2vo+v3! vw 
2125 IR 2127 2vnitve Vw 
2215 TR 2223 3v3 vw 








* Forbidden transitions. 
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TABLE VII. Frequencies and assignments of observed 
bands in WF. 

















Observed Calculated 
frequency frequency 

(cm) (cm~!) Assignment Intensity 
Inactive 215 V6 

258 IR see V4 7 

316 R see V5 

367 IR 374 2v5— V% Ww 

448 JR 457 vo— V6 w 

573 IR 574 vetvs vw 

672 R tee Vo 

712 IR eee V3 vs 

772 R tee V1 

796 IR 774 34 w 

855 IR 873 vyitvs—ve Vw 

871 IR 887 votve vw 

928 IR 930 vot V4 m 

= (988? | (vos? \® 

985 IR 1987? / lose? ad 
1025 7R 1030 vitrs Ww 
1148 7R 1129 2veo—v6 Vw 
1316 7R 1303 vyitvstve vw 
1383 TR 1384 votv; m 
1481 7R 1484 vitvs m 
1580 IR 1559 2votve Vw 
1880 JR 1875 2votvetve vw 
2050 TR 2056 2vetv; vw 
2130 IR 2136 3v3 vw 
8 Forbidden transitions. 


TABLE VIII. Frequencies and assignments of observed 
bands in UF. 











Observed Calculated 
frequency frequency 
(cm~) (cm~) Assignment Intensity 
Inactive 130 V6 
TR act. (unobs.) 200 V4 
200 R tee V5 
279 IR 270 2v4—V¢6 Ww 
350 IR 330 vatrve Ww 
392 IR 400 vatys Ww 
511 R tee v2 
623" IR tee V3 vs 
656 R tee V1 
674" IR 641 voy s 
715 IR 711 vot Ww 
825 IR 840 v3atys m 
850 JR 856 vitys Ww 
1159 IR 1151 Votv3 m 
1288 IR 1296 vitvs m 








® Perturbed value of v3 (after B. M. S. T., see reference 5) =640 cm-, 
Perturbed value of v2+vs (after B. M.S. T., see reference 5) =641 cm71, 


further substantiated by the fact that no such resonance 
occurs in MoF and WF, and the binary bands are 
considerably weaker than v2+v¢ in UF. 

Because of the weakness of the few unexplained bands 
the inconsistencies noted above are considered negligible 
objections to the totally symmetric octahedral model 
for MoFs, WF¢, and UFs. It is concluded that the 
generally successful assignment of these observed bands 
provides overwhelming evidence in favor of the O, point 
group symmetry. 

The frequencies for each molecule have been collected 
into separate Tables VI, VII, and VIII for convenience 
of reference. 
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While the investigation reported herein on the infrared 
and Raman spectra of MoF., WF¢, and UF was being 
prepared for publication it was learned that Dr. R. C. 
Lord and co-workers of M. I. T. were carrying on 
concurrent and independent infrared measurements on 
MoF and WF. The two efforts have been compared 
and both groups of authors come to essentially the same 
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conclusions. The results of the other work will be 
submitted for publication elsewhere. 
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Substituted Methanes. VIII.* Vibrational Spectra, Potential Constants, and Calculated 
Thermodynamic Properties for Dibromodichloromethanet 


ABRAM Davis,t Forrest F. CLEVELAND, AND ARNOLD G. MEISTER 
Spectroscopy Laboratory, Department of Physics, Illinois Institute of Technology, Chicago 16, Illinois 
(Received December 12, 1951) 


Raman displacements, semiquantitative relative intensities, and quantitative depolarization factors for 
the liquid, and infrared absorption wave numbers and percent transmission curves for both the liquid and the 
gas, have been obtained for CBr2Clo. The present and previous data were critically examined and probable 
values of the wave numbers corresponding to the fundamental vibrational frequencies were determined. 
Assignments were made for all observed Raman and infrared bands. As a check on the assignments, a normal 
coordinate treatment was undertaken, using a potential function containing all possible quadratic interaction 
constants. A reasonable set of potential constants was obtained. The observed fundamentals then were used 
to calculate to a rigid rotator, harmonic oscillator approximation the heat content, free energy, entropy, and 
heat capacity for 12 temperatures from 100° to 1000°K, for the ideal] gaseous state at 1-atmos pressure. 


AMAN displacements for liquid CBr2Cle have been 
obtained in 2 investigations,»? but in only one of 
these’ were depolarization factors and estimated relative 
intensities determined. Infrared bands have been re- 
ported only for the liquid: Lecomte, Volkringer, and 
Tchakirian'* give results for the region 500 to 1500 
cm—!, while Plyler* reports 4 bands between 350 and 450 
cm~!, The disagreement between the results of the 
different investigations is in many cases far larger than 
would be expected from experimental errors. 
A normal coordinate treatment, using a Urey-Bradley 
potential function, was carried out by Simanouti.® His 
calculated fundamentals agree better with the observed 


* For previous papers of this series, see J. Chem. Phys. 18, 346, 
1073, 1076, 1081 (1950); 19, 119, 784, 1561 (1951). 

ft Supported in part by Office of Ordnance Research Contract 
DA-11-022-ORD-464. 

¢ Based upon an investigation carried out in partial fulfillment 
of the requirements for the degree of Master of Science. Present 
address: Hooker Electrochemical Company, Niagara Falls, New 
York. 

1 J. Lecomte, H. Volkringer, and A. Tchakirian, Compt. rend. 
204, 1927 (1937). 

2M. L. Delwaulle and F. Francois, Compt. rend. 214, 226 
(1942). 

3 Volkringer, Lecomte, and Tchakirian, J. phys. et radium 9, 
105 (1938). 

4E. K. Plyler, J. Chem. Phys. 17, 218 (1949). Note added in 
proof.—A recent paper by E. K. Plyler and W. S. Benedict, J. 
Research Natl. Bur. Standards 47, 202 (1951) gives infrared 
spectral data and some potential constant calculations, with an 
approximate potential function, for CBr2Cl, as well as 17 other 

ogen-substituted methanes. 

5 T. Simanouti, J. Chem. Phys. 17, 245 (1949). 


values of Delwaulle and Francois? than with those of 
Lecomte, Volkringer, and Tchakirian.}* 

Glockler and Edgell® have calculated the heat ca- 
pacity at constant pressure for 12 temperatures between 
250° and 600°K, but their calculations were based upon 
frequencies which now seem questionable. No other 
observed or calculated values were found in the liter- 
ature. 

The present investigation was undertaken in an 
attempt to remove the uncertainties that exist in the 
previous Raman and infrared spectral data for the 
liquid ; to obtain infrared data for the gas; to carry out a 
normal coordinate treatment with a more complete 
potential function ; to establish probable values for the 
fundamental vibrational frequencies; and to calculate 
more reliable values for the heat capacity as well as 
values for the heat content, free energy, and entropy. 


EXPERIMENTAL DETAILS 
Purification of the Sample 


The sample of CBr2Cl, was obtained from the 
Eastman Kodak Company, Rochester, New York, and 
was further purified as follows: a distilling flask with a 
side arm leading to a collecting tube was filled, pumped 
briefly without cooling to remove dissolved air, sur- 
rounded by dry ice while the pumping continued, and 
finally, when thoroughly.cold, was sealed off. The bulb 
containing the impure liquid was now placed in a beaker 


6 G. Glockler and W. F. Edgell, Ind. Eng. Chem. 34, 532 (1942). 
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DIBROMODICHLOROMETHANE 


TABLE I. Raman and infrared spectral data for dibromodichloromethane (CBr2Cl.).* 








Raman 


Theoretical 
Assignment 
PR PR Ve Type 


Infrared 
yf V9 Ig 
PR PR 





1364 
1380 
1464 


154 V4 A, 
175 % As 
230 v7 


241 V3 
262 V9 
308 24 
350 2vs 
381 v2 
396 vatrs 
442 Ve— V3 
607 610 votrz 
681 684 VG 
731 735 v1 
770 770 Vg 
857 v 859 Vetve 
883 888 vitns 
925 926 Vetve 
1072 x 1064 votye 
1118 ww 1114 vitve 
1146, 1150 votys 2 
1368 2v6 é 
1382 vw 1376 vitvetrs B, 
1468 2r; A 1 
1485 1504 ; vitvs Bs 








* Avy, =Raman displacement for the liquid in cm~=!; J =relative intensity; p =depolarization factor; PS =the deduced polarization state (P =polarized, 
D=depolarized); v, and »y =wave numbers in cm~ for the liquid and gas, respectively; J: and Jj =the corresponding intensities (s =strong, m =medium. 
w=weak, v=very); ve=calculated wave number in cm~!; PR=present results; LVI =Lecomte, Volkringer, and Tchakirian, references 1 and 3; 
DF =Delwaulle and Francois, reference 2; Pl =Plyler, reference 4; N =number of apparently reliable, independent determinations; PV =probable values 


mean of the N values); and AD =average deviation from the mean value. 


> This value is less reliable than the others because of the overlapping by the strong, polarized 242 line. 


of water and slowly warmed and the collecting tube was 
cooled with dry ice. When 3 of the liquid had distilled 
into the collecting tube, the bulb containing the re- 
maining } also was surrounded with dry ice, and warm 
water was poured over the connecting glass tube to 
remove all of the sample from it so there would be no 
decomposition when the sample tube was sealed off. The 
sample tube was then sealed off at the greatest possible 
distance from the sample. This first 3 was discarded 
since it might have contained low boiling impurities. 

The remaining § was transferred with a capillary tube 
“medicine dropper” and a capillary tube funnel to a 2nd 
distilling flask with 2 attached sample tubes, one for the 
infrared sample, the other for the Raman sample. The 
Raman tube is sealed beforehand to the Raman sample 
container. The system was evacuated and sealed, and 
the liquid was distilled into the sample tubes (as before) 
until only 3 of the original material remained in the 
bulb of the distilling flask. The connecting tubes were 
heated with warm water and sealed off, as before. Any 
high boiling impurity in the original material may be 
expected to have remained behind in the final 3. 
Finally, the Raman tube was filled by cooling the back 
end (away from the window) and warming the sample 
container so that the sample distilled slowly over into 
the Raman tube. 

By this procedure, the sample is kept at the lowest 
possible temperature and is kept out of contact with 


air, which minimizes decomposition and formation of 
new compounds. The samples prepared in this way gave 
exceedingly low continuous background in the Raman 
spectrum and showed no evidence of impurities. 


Spectroscopic Technique 


The Raman displacement spectrograms were obtained 
by the use of a 2-prism spectrograph, constructed in this 
laboratory, having a dispersion of 162 cm™/mm 
(33A/mm) at 4500A. The depolarization spectrograms 
were obtained by the use of a Hilger E-518 spectrograph 
having a dispersion of 307 cm~'/mm (63A/mm) at 
4500A. Eastman 103-J plates were used and the exciting 
line was Hg4358A. The relative intensities? and de- 
polarization factors* were determined by previously 
described methods. In order to check the depolarization 
factors for closely spaced lines, use was made of a Leeds 
and Northrup microphotometer. The results agreed 
very well with the depolarization factors determined by 
the use of the Gaertner microdensitometer. 

The infrared records were obtained at room tempera- 
ture with a Beckman IR-2 (KBr optics) spectrophotome- 
ter. Records of the atmospheric absorption were taken 
immediately preceding the record of the sample in order 
to eliminate spurious bands. 


7F. F. Cleveland, J. Chem. Phys. 11, 1 (1943). 
8 F. F. Cleveland, J. Chem. Phys. 13, 101 (1945). 
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RESULTS 


The Raman spectral data are summarized in Table I. 
In determining the probable values for the displace- 
ments, only the values of Delwaulle and Francois? were 
taken since the values of Lecomte, Volkringer, and 
Tchakirian differ from their values and the present 
results in many instances by more than 10 cm“, far 
beyond the normal experimental error. The present 
depolarization factors are in qualitative agreement with 
those of Delwaulle and Francois. The present results, 
however, remove the uncertainty as to which of the 2 
lines at 154 and 175 cm is polarized; establish quanti- 
tative values for the lines at 230, 262, 684, 734, and 770 
cm; and seem to remove all doubt as to the polariza- 
tion state of the lines. Depolarization factors were 
obtained for all the fundamentals, but, because de- 
composition of the sample prevented long exposures, 
values could not be obtained for the observed overtones 
and combinations. 

The infrared spectral data also are summarized in 
Table I, and the percent transmission curves are shown 
in Fig. 1. Bands observed at 5900, 5680, and 5400 cm™ 
for the liquid were not included because of the low 
dispersion and resolution of the prism in this region. As 
for the Raman data, the observed values do not agree 
very well with those of Lecomte, Volkringer, and 
Tchakirian."* This suggests the possibility that their 
sample may have been impure, or that some other source 
of error existed in their work. In view of these dis- 
crepancies for the fundamentals, the values observed by 
them for the combinations and overtones are not in- 
cluded in Table I. 


SYMMETRY, SELECTION RULES, AND ASSIGNMENTS 


The CBr2Cl. molecule has the symmetry of the C2, 
point group and has 9 normal vibrations: 4 type A1; 1 
type A2; 2 type Bi; and 2 type B2. According to the 
selection rules, all fundamentals, overtones, and combi- 
nations are allowed in the Raman spectrum, while all 
fundamentals (except A»), all overtones (except A2”, 
n odd), and all combinations (except A1xXA:2 and 
B,X Bz) are allowed in the infrared. In the Raman 
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spectrum, the A; vibrations correspond to polarized 
lines, the others to depolarized lines; in the infrared, the 
A, vibrations correspond to parallel bands, and the B, 
and Bz» vibrations to perpendicular bands. 

The assignments shown in Table I were made after 
consideration of the selection rules and the observed 
depolarization factors. Only binary combinations and 
Ist overtones were used, except for the 1380 cm™ band, 
which had to be assigned as a ternary combination. 

In Table II are given the probable values for the 
fundamentals of CBr2Cl,. These were determined by 
critical examination of both the present and previous 
spectral data, given in Table I. 


NORMAL COORDINATE TREATMENT 


As a check on the assignments, as well as to obtain 
reliable values of the potential (force) constants, a 
normal coordinate treatment (Wilson FG matrix 
method’) was carried out, using the most general 
quadratic potential function. 

For simplicity in comparing the potential energy 
constants for different molecules, and in order to be able 
to recognize instantly upon sight the nature of the 
potential constant, the following descriptive notation 
will be adopted in this and subsequent papers on the 
substituted methanes and ethanes: for the bond distances 


h=C—H, f=C—F, b=C-—Br, m=C-—C, 
d=C—D, c=C—Cl, i=C—I; and xy=X—C-Y 


for the interbond angles (x or y=h, d, f, c, b, i, or m). 
The C—C bond in the ethanes is the middle bond, hence 
the choice of m for this bond distance. The possible 
types of potential constants are illustrated by the 
following examples: 


fo C—Br stretching; 

foe Br—C—Cl bending; 

fo’ C—Br, C—Cl interaction; 

fo°® C—Br, Cl—C—H interaction ; 

fos’ Br—C—Br, Cl—C—Cl interaction ; 

f.’° C—Br, Br—C—Cl interaction, with the C—Br 
bond forming one side of the angle; 

fo’ C—Br, C—Br interaction between different 

C—Br bonds; 

C—Br, Br—C—Cl interaction, with the C—Br 

bond different from the C— Br bond which forms 

one side of the Br—C—Cl angle; 

Br—C—Cl, Br—C—Cl interaction for which 

neither side of one angle is a side of the other 

angle; 

Br—C—Cl, Br—C—Cl interaction, with only 

the C—Cl bond common to the 2 angles; and 

Br—C—Cl, Br—C—Cl interaction for which the 

angles are at opposite ends of a substituted 

ethane. 


ier" 


°F. B. Wilson, Jr., J. Chem. Phys. 7, 1047 (1939) ; 9, 76 (1941). 
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polarized The symbols used for the equilibrium values of the Taste II. by ir moe Sones for the 
rared, the bond distances and interbond angles for CBr2Cl, are: ey ax veneer 
nd the B a= C— Cli, b= C— Bri, Designation Degeneracy Type Wave number in cm™! 
ade after €1¢2= Clh—C—Cle, ¢1b2= Clh—C—Bro, "1 / Zoe 
observed fF =C—Ch, b2=C—Brz, ‘ 242 
tions and bib2.=Bri—C—Bro, ¢2b,=Clza—-C—Bn,, ”~ 2 154 
n~ band, and, Ys y 175 
ra - ¢b:=Cl—C—Bn, cob2=Cl,—C—Bro. Me an 
S for the : 
mined by Wherever it is unnecessary to distinguish between - , wis 
previous identical atoms, the subscripts will be dropped. . ee ° 
The symmetry coordinates were : for the A, vibrations, 
r —_ M(Ac+ Aer Abt Abs), *® Gaseous state. 
to obtain R= eden Palliat and 
stants, a Ry=27*(Acc— Abb), Pya= (fect foot2 fev —4 foe —4f ov t+ foot foe 
x matrix Ry= 12-4(2Acce+ 2Abb— Acybi— Acab;— Acyb2— Acebe), + fire?’ fire?) /3; 
t © 
mee and for the A» vibration, 
il energy R’=673(Acc+ Abb+ Acibi+ Acibo+ Aced; Fy= (foe— foe?” — fre?’ + fre”) . 
to be able + Aceb2)=0 (redundant coordinate); 5.) the B, vibeations 
re of the , , . 
for the A2 vibration, Fu=(fo—fo°), 
notation P =24(f ve f be) 
rs on the Rs= }(Ac2b,— Acyby+ Acibe— Acabe) ; ” . wilh 
es for the B, vibrations, and 
~C F, _ ct oo — “o— * ill } 
satan Ry=2-MAb,— Abs), 2= (fect foc?” — foc” °— fre”) 
, and and for the B: vibrations, 
L, ). — ome bd 
i, or m a a oe re Fu=(.—fe°), 
nd, hence Fy2=24(f-% — f°) 
> possible and for the Bz vibrations, 
1 by the tint ~ P and 
and ia ( a~ ca), Foo= (foct foc? °— foc?” — foe”). 
The G matrix elements, obtained by use of the 
Ro= 3(Acebi— Acibi— Acibs + Acaby). Decius"® tables, are as follows: i 
The numbering of these coordinates corresponds to the fo; the 4, vibrations 
numbering of the fundamentals in Table I. 
From the f matrix (Table III) and the U matrices Gu=3(ucrt+ Mer), 
he C—Br formed from the coefficients of the symmetry coordi- Gi2= 3(uci— ur), 
po nates, one gets the following F’matrix elements: Gis=0, 
ifferen 


for the A; vibrations, Gu=0, 


he C—Br A Py =afet fot fertfert4fe), — Kucrt wart 8u0/3), 
‘ich forms Pa=Hfe— fot fe—fo) Go3= —4(01+- ec) wo /3, 


. Gu= 81(b- —_ c)3—huc, 
or which Fyy=2-*1(f.*+- fa" — f.— fa™), Gu=c b= 4(c2+$-)2y-./3 
the other Be Fu=3-4(feet fort fet forr—foro— fer” — for ee ee 


—fo"), Gsa= 6*[ 3c ur — 3b ur + 4(c7— 5) uo], 
vith % P= fetfotfetfor—4fo%), and 
; n = J CE cow cc . 
which o “od ile Ma fabe— f,be'4 f,be Gua=3pyer/20+ 3pup,/2P+2(c4— 57!) uo ; 
ibstituted vii po vt fo — for fe , , for the A: vibration, 


Pu=Wfect for—2foo, Gur=3(ucr/e+ wae/¥)/2; 
, 76 (1941). Fys=6-4(fee— foo— 2 fre +2fo0™), © J. C. Decius, J. Chem. Phys. 16, 1025 (1948). 
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TABLE III. The f matrix. 








Acice 


Abibz 





Ac, 
Ace 
Ab; 
Ab» 
AciC2 
Abbe 
Abie; 
Abec; 
Abice 
Abexte 








Since the matrix is symmetric, with fi; =fji, the elements below the diagonal may easily be determined. The primed and unprimed symbols refer to 
different bonds of the same type; for example, 6 and b’ are different C —Br bonds. 


for the B, vibrations, 


Gu= Mart 4uc/3, 
Gy= 2(b61+-3¢c7) uc /3, 


and 
Goo = 3ycr/22+ upr/26?+- (3c7+- bP ue /3 ; 
and for the Bz vibrations, 


Gu= (wort 4uc/3), 
Giy2.= 2(c71+3b-) uc/3, 


and 
Goo= 3s /20?+ poar/22+ (361+ cue /3. 


Here yc, usr, and uci are, respectively, the reciprocals of 
the masses of the C, Br, and Cl atoms while (= 1.93A) 
and c(=1.75A) are the equilibrium values!" for the 
C—Br and C—Cl bonds. 

In order to get approximate potential constants, values 
were transferred from CCl;X,” CBr3;X, CHBrClo," 
and CDBrCl:.!* After several modifications, the re- 
sulting potential constants yielded calculated funda- 
mentals that were all within 0.5 percent of the observed 
values for the liquid. These potential constants are 
given in Table IV along with those obtained from rela- 
tions given by Simanouti, who based his calculations on 
a Urey-Bradley potential energy function and adjusted 
his constants to fit the frequencies observed for a group 
of D, Cl, and Br substituted methanes. For CBr2Cls, his 
calculated fundamentals agreed better with the ob- 
served values of Delwaulle and Francois? than with 
those of Lecomte, Volkringer, and Tchakirian,! which 
seems to cast additional doubt on the validity of the 
results of the latter workers. In the present investiga- 
tion, the potential constants were modified so as to 
obtain agreement with the liquid values of the funda- 


4 P, Capron and S. Perlinghi, Bull. soc. chim. Belges 45, 730 
Se istlow, Cleveland, and Meister, J. Chem. Phys. 18, 1076 
(i haelater, Rosser, and Cleveland, J. Chem. Phys. 18, 346 
OT Palo, Meister, Cleveland, Bernstein, and Sherman (to be 
published). 


mentals since only a few gas values for the fundamentals 
were available. 


THERMODYNAMIC PROPERTIES 


The heat content, free energy, entropy, and heat 
capacity at constant pressure were calculated for 12 
temperatures from 100° to 1000°K, using the wave 
numbers and degeneracies given in Table II. A rigid 
rotator, harmonic oscillator model was assumed, and the 
values were calculated for the ideal gaseous state at 1- 
atmos pressure. The principal moments of inertia were 
determined by the Hirschfelder!® formulas, using the 
electron diffraction data." The values obtained were: 


T,2= 369 awu A? (613-10-* g cm’), 
Tyy=621 awu A? (1031-10-*° g cm?), 


T,.=542 awu A?* (900-10-* g cm’). 


TABLE IV. Potential constants for CBr2Cle.* 








Simanouti 


2.50 
2.48 
0.467 
0.355 
0.412 


Present results 


3.3713» 
2.7530 
0.35134 
0.21296 
0.32465 
0.36022 0.466 
0.34088 0.376 
— 0.20547 — 
— 0.16258 = 
* 0.36022 0.405 
0.35007 0.441 
— 0.20547 — 
— 0.17178 = 
1.1360 
1.2391 
— 0.028036 
0.077883 
0.12944 
1.1383 
0.087897 
0.074897 
— 0.018668 
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« Bond stretching and bond interaction constants are in units of md/A; 
angle-bond interaction constants are in md/rad; angle, and angle interac- 
tion, constants are in md A/rad. 

b This number of significant figures is not really justified but is necessary 
to give the best reproduction of the observed wave numbers and to secure 
internal consistency in the calculations. 


16 J. O. Hirschfelder, J. Chem. Phys. 8, 431 (1940). 
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TABLE V. Heat content, free energy, entropy, and heat capacity 


The symmetry number is 2 and J,,=J,,=I,,=0. 
y al os gs A of CBr2Cl, for the ideal gaseous state at 1-atmos pressure.* 


Birge’s'® values of the physical constants were used 
throughout. 






























: : i Ho — T —(Fe- r 
The values obtained for the thermodynamic prop- sibs eae = ot 
erties are given in Table V. The values of the heat foe on =o 9 aoe 
capacity calculated by Glockler and Edgell,® for the 573 46 14.47 66.95 yr aaa 
temperatures given here, do not differ too greatly from 298.16 14.98 68.24 83.23 20.80 
resent values (average diff ) 1y-1 300 * 15.02 68.33 83.35 20.84 
or (average difference 0.11 caldeg*M"), ny 16.70 72.89 89.59 22.50 
but the wave numbers used by them seem less reliable 599 vw 17.97 76.76 94.73 23.50 
than the ones used in the present work. Hence, the heat 600 18.95 80.13 99.07 24.12 
capacity values given in Table V are to be preferred. = pap aa. aa bp 
900 20.85 88.21 109.06 25.02 
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Approximately equal quantities of N'4N'%O!* and N4*N“O!'* are produced by reaction of hydroxylamine 
hydrochloride and N"-enriched sodium nitrite in solution in O'8-enriched water. The same reaction when 
carried out in a solution brought to a pH of 1 with gaseous HCI produces an excess of N*N"50"*. In both 
experiments the concentration of N'*N%O!* was accounted for on the basis of the reaction of nitrous acid 
with hydroxylamine to yield nitrous oxide molecules containing one nitrogen atom from each source. O'* 
exchange occurred to a greater extent in acid medium and the double tagged NO so produced was mainly 
N"“N0!8 rather than a mixture of the isomers N4“N4%018+- NUNMO!8, 

These observations lead to the following conclusions concerning the reaction mechanisms. In neutral solu- 
tion most of the nitrous oxide produced is formed by dehydration of a symmetrical intermediate, probably 
hyponitrous acid. In acid medium a competitive dehydration of an unsymmetrical intermediate plays an 
important role. Mechanisms involving nitroxyl as an intermediate are untenable. Oxygen exchange is acid 
catalyzed and occurs exclusively with nitrous acid or with an unsymmetrical intermediate formed in the 
course of this reaction. Oxygen atoms from either nitrous acid or hydroxylamine appear in the product 
nitrous oxide. 














INTRODUCTION 


HE end products of the reaction between hy- 

droxylamine and nitrous acid are water and 
nitrous oxide.! The reaction has been assumed to 
proceed via the compound nitroxyl,? NOH. The implied 
reaction mechanism may be written as follows 


Audrieth*? has demonstrated the presence of hypo- 
nitrous acid in a slowly decomposing solution of 
hydroxylammonium nitrite, and has proposed as an- 
other species possibly present in the reaction mixture 
N-nitroso-hydroxylamine, pointing out that some N- 
substituted hydroxylamines give relatively stable nitroso 
derivatives. 














H:NOH+HO—N=0-—2NOH+H.0, (1) Nitroxyl has been assumed as a hypothetical inter- 
2NOH—HO—N=N—OH, (2) mediate in the decomposition of nitrohydroxylamic 

acid, H2N.O3,4 and has also been postulated as an 

HON = NOH>N=N=0-+H,0. (3) intermediate in the oxidation of ammonia.* Both hypo- 











* Research carried out under the auspices of the AEC. nitrous acid and nitroxyl have been eliminated as 


(1895) Meyer, Ann. 175, 141 (1875). W. Wislicenus, Ber. 26, 772 
?W. M. Latimer and J. H. Hildebrand, Reference Book of 


ey oe Chemistry (MacMillan Company, New York, 1941), pp. 






$L. F. Audrieth, J. Phys. Chem. 34, 538 (1930). 

4A. Angeli, Gazz. Chim. 33, II, 245 (1903). 

5L. Andrussow, Ber. 59, 458 (1926); Z. angew. Chem, 48, 593 
(1935). 
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TABLE I, 








Relative ion 
intensity % Total 


a b 


0.313 
0.75 


32.3 
66.6 


Ions contributing to peak 


N4N4O18, N14N15018, N15N 15017 

N4N4018, N15N15016, NUN15017, 
NNuO17 

N4N4OW, NUN4Ow’, NUNNO17 

N4NuO!18 


N18018 
N¥O18, 016016 (background) 
N016 

N¥O16, NisN15 





0.083 
0.325 


32.2 
67.4 








possible intermediates in the controlled thermal de- 
composition of ammonium nitrate.* However, in view of 
Audrieth’s’ findings, the reaction of nitrous acid with 
hydroxylamine seemed attractive to study in search of 
the often proposed, but rarely detected nitroxyl.’ 


EXPERIMENTAL 


Sodium Nitrite-N’*.—Sodium nitrate, prepared from 
nitric acid containing 31.9 atom percent N’, was con- 
verted to sodium nitrite by reduction with lead.’ 

Hydroxylamine Hydrochloride——Eastman Kodak 
Company white label grade was used without purifi- 
cation. 

Water-O*.—Water enriched to 1.5 percent O'8 was 
obtained from the Stuart Oxygen Co., California. 

Preparation of Nitrous Oxide.—(a) Solutions of 0.080 g 
of N’*-enriched sodium nitrite in 1.00 ml of O'*-enriched 
water and 0.080 g of hydroxylamine hydrochloride in 
1.00 ml of O'8-enriched water were placed in the legs of a 
two-legged flask. The flask was connected to a vacuum 
manifold, the solutions were frozen and noncondensed 
gases pumped off. The flask was then closed off by 
means of a stopcock, and the solutions were thawed and 
mixed at room temperature. A rapid evolution of gas 
was observed. The speed of the reaction may be ascriba- 
ble to a slight acidity of the solution.* The aqueous 
phase was refrozen and the evolved gas was passed 
through a trap held at —80°C and condensed in a 
storage bulb cooled with liquid nitrogen. No residual 
pressure was observed. 

(6) A solution of 0.250 g of N*-enriched sodium 
nitrite in 2.00 ml of O'*-enriched water was cooled to 
—5°C in one leg of a two-legged flask, 0.240 g of 
hydroxylamine hydrochloride was placed in the other 
leg. Dry hydrogen chloride was bubbled through the 
nitrite solution bringing it to pH 1, determined by 
Hydrion test paper. The flask was then connected to the 
vacuum manifold and the sequence of operations de- 
scribed in experiment (a) was carried out. 

Analysis of the gas samples in the Consolidated Nier 
mass spectrometer seemed to indicate the presence of 


* L. Friedman and J. Bigeleisen, J. Chem. Phys. 18, 1325 (1950). 

.7 The literature on this subject prior to 1935 is briefly reviewed 

in Gmelins Handbuch der Anorganischen Chemie (Verlag Chemie, 
Berlin, Germany, 1936), third edition, Vol. IV, p. 855 ff. 

8A. Bothner-By and L. Friedman, Brookhaven National 

Laboratory Quarterly Progress Report, January-April 1951, p. 67. 


some carbon dioxide. The gas was therefore transferred 
to other storage bulbs partly filled with dry sodium 
hydroxide pellets and stored for 24 hours. The gases 
thus purified were analyzed in the mass spectrometer; 
CO, was absent. 


DISCUSSION OF RESULTS 


The mass spectra of the NO produced in the re. 
actions forementioned are presented in Table I. The 
sub-columns @ and b refer to the products of experiments 
(a) and (6), respectively. The second column contains 
the observed peak heights corresponding to the masses 
indicated in the first column. The third column contains 
normalized values of the molecular ion intensity ob- 
tained by setting the sum of the relative molecular ion 
intensities equal to 100. Masses below 30 are omitted for 
the sake of conciseness. 

The interpretation of the spectra may be simplified by 
a preliminary consideration of the nitrous oxide mole- 
cules containing O!’. The natural abundance of O” is 
approximately 20 percent that of O'*, Consequently, an 
upper limit on the amount of O” present in material 
containing an excess of O'* may be estimated as 20 
percent of the O'* concentration. Let us assume that all 
of the 47 peak in the spectra is formed by the ionization 
of N“N50'8 and NNO! and that all of the 45 peak 
results from the ionization of the corresponding O" 
molecules. Then the concentration of molecules con- 
taining O¥ is P47/(P4s+ Paz) or 0.26 percent in (a) and 
0.98 percent in (0). An upper limit of one-fifth these 
values can be placed on the concentrations of molecules 
containing O'. In experiment (a) we calculate a maxi- 
mum of 0.05 percent O". The upper limit of N“N™“O" is 
0.033 percent, of (N“N¥%O"-+ NNO") is 0.016 per- 
cent, and of NNO" is 0.002 percent. Thus the error 
made in neglecting O” contributions to ion of mass 45 
and 47 is trivial in experiment (a). The ions of NNO" 
and N“N'O" make up a small though appreciable 
fraction of the ions at mass 46 and are taken into 
consideration. Similar results are obtained for the 0” 
molecules in experiment (0). 

The calculation of the isotopic composition of the 
N.O molecules of different masses follows directly from 
the normalized values presented in Table I. One may 
calculate the relative contributions of the various 
molecular ions to the peak at mass 46 as follows. First 
the contribution of N“N“O” and NNO! is sub- 
tracted leaving 0.31 percent and 0.55 percent for the 
sum of N¥N50!6 and N4“N“O¥8 in (a) and (6), re- 
spectively. It was previously shown that 0.26 percent 
and 0.98 percent O® were present in the isomers con- 
taining-one N! atom. On this basis we calculate that the 
N™“N“O¥ species must be present to the extent of 0.175 
percent and 0.65 percent in (a) and (6), respectively. 
The remaining 0.10 percent in (a) must arise from 
N™N0!6, The negative remainder in (6) results from 
an error in estimating the O” concentration. The error 
in (a) is smaller because of the smaller O" enrichment. 
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These calculations involve the assumption that there is 
no isotope effect on the probability of producing a 
molecular ion, that fractionation of molecules of differ- 
ent masses in the mass spectrometer sample system and 
leak is negligible, and that voltage discrimination effects 
in the mass spectrometer are also negligible. In addition, 
in the analysis of the composition of the ions of mass 46 
the assumption of equal concentrations of O" in the 
N“N“O and (N“¥N"O+ NNO) molecules is made. It 
is estimated that all of these factors involve a cumula- 
tive error in the concentrations of molecular ions of less 
than 5 percent. 

The value of 0.10 percent for N!°N%O" in (a) is much 
too low to be consistent with the mechanism involving 
nitroxyl as an intermediate. The total N" in the NO is 
about 16 percent, and the random recombination of 
nitroxyl would produce hyponitrous acid containing 
2.56 percent doubly labeled molecules which would 
decompose into NNO. Furthermore, only 26.9 per- 
cent of the N2O molecules would be the isomers N!°N“O 
and N“NO. The observed amounts of (N“NO 
+NN"O) account, within the experimental error, for 
all of the excess N’®. Mechanisms not involving nitroxy], 
which account for the observed isotopic composition of 
N;0, will be discussed subsequently. 

Consideration of the abundance of the molecular ions 
provides no information concerning the relative amounts 
of N'5N“O and its isotopic isomer N'*N%O. The tech- 
nique for determing the relative abundance of these 
isomers has been described previously? and involves 
consideration of the abundances of the N'O* and 
N“O* ions produced and of the relative amounts of 
N*N¥O ions and molecular ions containing one N". 
Since the N'®N!*+ contribution to mass 30 is negligible, 
the N“N15O is obtained from the expression P3:/P3o 
+P. Values of 17.1 percent NNO and 21.4 percent 
N*N“O are calculated in experiments (a) and (8), 
respectively. Concentrations of 15.1 percent N'N“O 
and 11.0 percent N'N“O in (a) and (6), respectively, 
are estimated by difference. These values are subject to 
errors from the following sources: 

(1) A rearrangement by electron impact has been 
reported’ in the case of NNO in which NOt ions are 
produced. It is assumed in experiment (a) that the error 
caused by this rearrangement is canceled by a similar 
rearrangement of NNO in which N“O* ions are 
obtained. A partial cancellation of rearrangements is 
expected in experiment (0). A small isotope effect on 
this process in which the probabilities of the rearrange- 
ments are not identical may exist. 

(2) The N“O+ ions from N™N¥“O are diluted by 
N“O+ ions from N™“N¥“O. Since the probability of 
N“N" bond rupture is greater than that of N'5N" bond 
tupture, the N“N?!5O concentration calculated from the 
31/304 31 ratio is too small.!° An additional minor error 






























































*L. Friedman and J. Bigeleisen, J. Chem. Phys. 18, 1325 (1950). 
"0. A. Schaeffer, J. Chem. Phys. 18, 1501 (1950). 
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arises from the fact that the probability of rupture of the 
N"™“N" bond by electron impact is not expected to be 
identical in N“NO and NNO, 

The combined magnitude of the errors discussed is 
estimated to be of the order of 5 percent or less in these 
systems. In view of this, some doubt may exist as to 
whether the ratio of N“N%O/N"N*“O is significantly 
different from unity in the first experiment. There 
can be no doubt that in acid medium the 2/1 ratio of 
N*N%O/N™N¥“O observed arises from the reaction 
mechanism rather than the errors cited above. 

These results suggest alternate paths for the forma- 
tion of N.O in neutral and acid medium, via sym- 
metrical and unsymmetrical intermediates, respectively. 
Since hyponitrous acid may be isolated* from the 
reaction mixture, it is reasonable to assume that it is the 
symmetrical intermediate. N-nitroso-hydroxylamine is 
a plausible unsymmetrical intermediate. On this basis 
the reaction may be set forth as follows: 


HO—N“=N"—OH+H,0 (4) 
¥ 
N“H,OH+ HNO, 
\ 
H 
N¥—N4=0+H,0 (5) 
/ 
HO 
N4“=N=0+H,0 (6) 
HO—N“=N4—OH 
\ 
N'=N“=0+H.0 (7) 
H 
N¥—N®=O0-N4—N=0+H.0. (8) 


i 
HO 


The experimental results indicate that the over-all re- 
action represented by Eqs. (5) and (8) would then 
proceed more rapidly in solutions of lower pH. It should 
be noted that an isotope effect on the relative rates of 
reactions (6) and (7) may lead to a slight excess, 1.8 
percent, of the N“N50,"! 

In summing up, the nitrogen tracer study reveals that 
the nitroxyl mechanism is untenable, and that while 
most of the N,O is formed from hyponitrous acid in 
neutral solution, excess acid catalyzes a reaction via 
N-nitroso-hydroxylamine or a similar unsymmetrical 
intermediate. 

The experiments were carried out in O*-enriched 
water in hopes of obtaining information concerning the 
source of oxygen in the product nitrous oxide. As pre- 
viously noted, 0.26 percent and 0.975 percent O%- 


1 J. Bigeleisen, J. Chem. Phys. 17, 675 (1949). 
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TABLE II. 











(1) % O* in molecules containing one 
N¥®= 100 Po7/Pas+Par 

(2) % O'8 natural abundance= 

(3) % O"* excess in molecules containing one 
15 — 

(4) % O8 in N*N%O'8+-N“4N4O!6= 100 
33 P satP — 

(5) % O8 excess in above= 

(6) % N4N¥0"6 in N4N§O16-+4+- NUNUO = 

(7) % excess O!8 as N4N4O4= 

(8) Residual excess as N=N“O#8= 

(9) Ratio of N4N40!8/NSN4O18 = 








labeled molecules were obtained in experiments (a) and 
(b), respectively. This amounts to an excess of O8 above 
natural abundance of 0.06 percent in (a) and 0.775 
percent in (6), indicating strong acid catalysis of the 
oxygen exchange reaction. A clue to the source of this 
exchange may be obtained from an examination of the 
relative ion intensities of mass 33 and mass 31 peaks 
corresponding to the ions NO" and N'®O!*, The 
rather small amount of exchange in (a) introduced the 
possibility of relatively large chart reading errors at 
M/e=33. To minimize this, the spectrum was scanned 
independently five times and the peak heights were 
measured with a binocular microscope and a scale 
calibrated in tenths of a millimeter. The measurements 


were averaged and a ratio of 0.00305-0.00007 was ob- 
tained for P33/Ps:. This ratio was 0.0142 in experiment 
(6). Table II contains a sequential presentation of the 
analysis of the data bearing on the use of the oxygen 


tracer. The ratios of N'4N°O8/N'N¥“O# are important 
in that they tell whether or not exchange occurs with 
both reactants or with a symmetrical intermediate, 
Non-equivalence in the abundances of these molecules 
indicates exchange with only one reactant or an unsym- 
metrical intermediate. Furthermore, in the latter case 
the presence of a particular species in excess provides 
some information on which reactant or which portion of 
an unsymmetrical intermediate exchanges its oxygen 
with water. This analysis in the case of experiment (a), 
suggests the result which is strongly confirmed in 
experiment (b), namely, that the ratio N“N%0%/ 
N§N“O8 is very large. 

It must be realized that the results are subject to 
errors similar to those discussed in connection with the 
determination of the relative amounts of NNO and 
NNO. In view of this, one may conclude that within 
the limits of experimental error in (6), all of the excess 
O# is found in N4“N408 and N“N“O® and a negligible 
amount of excess O08 occurs in N°N“O¥, This strongly 
suggests oxygen exchange exclusively with nitrous acid 
or the nitroso oxygen in N-nitroso-hydroxylamine and 
eliminates the possibility of rapid oxygen exchange be- 
tween hydroxylamine or hyponitrous acid and water. 
The result also shows that the oxygen in the product 
nitrous oxide comes partly from the hydroxylamine and 
partly from the nitrous acid-water system. 
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Thermal Conductivity of Fluid Argon and Nitrogen* 
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The thermal conductivities of A and Nz have been measured at pressures up to twice the critical pressures 
and at temperatures from the normal boiling points to well above the critical temperatures. By combining 
Enskog’s transport theory for a dense gas of hard elastic spheres with free volume calculations for a close- 
packed lattice (assuming a communal entropy of R per mole), one can calculate the thermal conductivity 
for liquid A between 87.3°K and 141.6°K from liquid and vapor densities and entropy of vaporization. The 
values so calculated are within 15 percent of the measured values. However, a similarly calculated value of 
the viscosity is 50 percent lower than the experimental value. A correction for quantum-mechanical effects 
reduces the disagreement between the theoretical and experimental values of \ to about +5 percent, which is 
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INTRODUCTION 






N the program of describing the equilibrium and 

transport properties of matter in terms of mechanical 
models, the noble gas elements play a particularly im- 
portant role, as the models corresponding to these 
substances are expected to have the simplest dynamical 
specification. It is plausible that the application of 
classical mechanics to such models will be fairly satis- 
factory for liquid radon, xenon, krypton, and argon. 
Argon is by far the most abundant and least expensive 
of these elements; measurement of the thermal con- 
ductivity of the liquid was undertaken to provide a test 
of present and future theories of thermal conductivity 
of liquids. Also, in the absence of complete theories, 
some idea of the consequences of the greater complexity 
of polyatomic substances can be obtained by comparison 
with the results for argon. 

















APPARATUS 






Convection is apt to introduce serious errors in the 
measurement of the thermal conductivity of liquids. 
Jakob, in his article on the thermal conductivity of 
water,! criticizes much of the earlier work on such 
grounds. In his own experiments, Jakob minimized 
convection by letting the heat flow downward through a 
horizontal film of water. While such an arrangement is 
to be recommended, it is not always necessary and is 
probably not always sufficient to prevent convection. In 
the apparatus to be described, heat flows through a thin 
layer of liquid confined in the annular gap between 
vertical concentric cylinders; this geometry has proved 
satisfactory in previous work”? and has the advantage 
that heat losses are small and do not require large cor- 
rections or accurate compensating arrangements. Calcu- 
lations outlined in the part titled “Results” show that, 


"This experiment was performed at the Institute for the Study 
ot Metals of the University of Chicago. 

t AEC Predoctoral Fellow, 1949-1951. Now at Bell Telephone 
laboratories, Murray Hill, New Jersey. 

'M. Jakob, Ann. Physik [4] 63, 537 (1920). 

*P. W. Bri¢gman, The Physics of High Pressure (G. Bell and 
Sons, London, 1931), Chapter 11. 


Pe Lenoir and E. W. Comings, Chem. Eng. Progress 47, 223 
W991). 
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on account of the thin film and small temperature differ- 
ence used in the present apparatus, convection is 
possible only in a region near the critical point. 

The principle novelty in the present apparatus is the 
use of helium gas thermometers to measure temperature 
difference. Gas thermometers are sensitive, vibration- 
proof, and have an advantage over resistance thermome- 
ters, thermocouples, and vapor pressure thermometers 
in that their sensitivity does not have to be determined 
by differentiating a calibration curve. Their disad- 
vantages are the large size of the bulbs, the susceptibility 
to leaks, and the impracticality of automatic recording. 

The main parts of the apparatus are the plunger, 
Fig. 1A, and the barrel, Fig. 1B, both made of copper. 
The plunger consists of two pieces, a thermometer bulb 
with a tapered outer surface and a sleeve which fits this 
taper. The resistor which generates the heat to be 
conducted through the sample was made of silk-insu- 
lated manganin wire and was wound in grooves ma- 
chined in the tapered surface of the thermometer bulb. 
The bulb and wires were smeared with petroleum jelly 
to improve thermal contact and inserted firmly in the 
sleeve. Just outside of the plunger, copper current and 
voltage leads are soldered to the heater. 

The barrel consists of two pieces shrunk together and 
hard soldered so that a 49.3 cc cavity is formed to serve 
as the bulb of the other gas thermometer. The volume of 
the bulb in the plunger is different, 41.3 cc, because of 
modifications made in the design during construction. 
The bore of the barrel is 1.26 in. in diameter and the 
outside diameter of the plunger is 1.24 in., so that a gap 
of 0.01 in. is formed when these parts are assembled. 
The diameter of the bore was measured to 0.0001 in. at 
18 locations, that of the plunger at 6 locations, by the 
Precision Gage Laboratory of the Armour Research 
Foundation. The length of the gap is 5.58 in. The plunger 
is centered in the bore by Bakelite rings which are about 
0.001 in. undersize (the error due to a small eccentricity 
is of second order in the eccentricity). Correction was 
made for thermal expansion. The probable error in the 
geometrical factor of the apparatus is 1} percent. 

A Bakelite spacer separates the plunger from the 
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bottom of the bore and two loose-fitting Bakelite pieces 
(not illustrated) rest on top of the plunger, to insure that 
the loss of heat through the ends of the plunger will not 
depend appreciably upon the thermal conductivity of 
the argon nor be large and variable on account of 
convection. 

Copper-nickel capillary tubing with an inside diame- 
ter of 1 mm is soldered to the gas thermometer bulbs and 
connects to a stopcock manifold which was made of a 
small block of brass, with steel taper pins for plugs, to 
minimize dead space. A U-tube made of 2.07 mm 
precision-bore glass tubing is attached to the stopcock 
manifold with de Khotinsky cement. Silicone diffusion 
pump oil, DC 703, was found to be a better manometer 
fluid in this U-tube than butyl phthalate, Octoil-S, 
mechanical pump oil, mineral oil, or concentrated 
sulfuric acid; only the silicone gave freedom from the 
appearance over a period of days or weeks of a persistent 


difference in liquid level when the two sides of the U-tube 
were at the same pressure. 

The most obvious procedure for determining thermal 

conductivity with the apparatus so far described would 
be to hold the temperature of the barrel constant with 
some kind of thermostat, so provision was made for 
surrounding the barrel with liquefied gas under con- 
trolled pressure. However, it was expected that it would 
be satisfactory to let the temperature change slowly. It 
turned out, in fact, that the latter procedure led to 
slightly better precision. 
»- In either case, the problem of controlling the tempera- 
ture of the barrel is simplified by making the assembly, 
barrel and plunger, appear to its surroundings as a 
constant source of heat instead of an intermittent 
source. Therefore, a dummy heater of practically the 
same resistance as the heater in the plunger was wound 
on the barrel as indicated in Fig. 2. Current from a 
storage battery was made to flow through the dummy 
heater when not flowing through the heater. 

The barrel and plunger assembly is suspended inside 
the heavy-walled aluminum bottle shown in Fig. 2. A 
brass neck, threaded and soldered to the barrel, has a 
flange which is closed with a matching flange supported 
by a #-in. o.d. stainless steel argon supply tube. This 
tube passes through and is soldered to the brass lid 
which is bolted on the aluminum bottle. The flanges and 
the lid are provided with polyethylene gaskets which 
were crushed to paper-thinness when the bolts were 
tightened. The four heater leads are brought through 
the flange by means of Kovar-glass seals. These leads, 
together with the leads from the dummy heater and a 
copper-constantan thermocouple junction taped to the 
bottom of the barrel, leave the aluminum bottle through 
another stainless steel tube, which also serves for the 
introduction of liquifiable gas to the bottle. These wires 
are brought through Kovar-glass seals at the room 
temperature end of the tube. 

The whole apparatus weighs 37 Ib and is suspended 
in a 53-in. id. Dewar flask by a 1-in. o.d. stainless steel 
tube attached to the lid of the aluminum bottle. 

When measurements were to be made with the 
temperature slowly rising, the space between the barrel 
and the aluminum bottle was filled with copper sheets 
and glycerine, so that the entire mass could warm up at 
a constant rate. 

Argon was obtained from a commercial cylinder to 
which was attached a pressure regulator of appropriate 
range. Pressures were measured with Bourdon-tube 
gauges that were calibrated with a dead-weight tester. 
Connections in the argon supply system were made with 
copper tubing and S.A.E. flare joints; needle valves 
were provided for a controlled leak to the atmosphere, 
for connecting the various parts of the system to 4 
vacuum pump, and for changing pressure gauges with- 
out contaminating the argon. A coil of copper tubing 
immersed in a Dewar of melting trichlorethylene served 
as a trap. This trap was probably unnecessary, as a mass 
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THERMAL CONDUCTIVITY OF FLUID A AND N, 


spectrometer analysis of the argon indicated that the 
principle impurity was 0.2 to 0.4 percent nitrogen. 

Helium from a commercial cylinder and regulator was 
used in the gas thermometers. Connections to the 
stopcock manifold, vacuum pump, and a mercury 
manometer were made with rubber tubing. A trap 
cooled with liquid nitrogen was used. 


PROCEDURE 


The procedure for the usual kind of run will be 
described first. At room temperature, the gap for the 
sample and the connecting lines thereto were rinsed and 
filled with argon by five or more applications of pressure, 
the first two of which were preceded by evacuation with 
amechanicaLpump, while the last left the gap connected 
to the argon cylinder through a pressure regulator set 
for about the pressure to be used during the run. 

The gas thermometers were similarly rinsed and left 
connected to the helium supply, the only differences 
being the need for care in changing pressure, so as not 
to expel the silicone from the U-tube, and the use of 
about 2 atmos instead of 10 to 100 atmos pressure. 

The apparatus was cooled by pouring about 16 liters 
of liquid nitrogen over it. It was allowed to “soak” in 
liquid nitrogen for a few hours. The dummy heater was 
started during this period. ‘Eventually the last of the 
liquid nitrogen boiled away and the temperature began 
torise. After this temperature rise was well established, 
the helium supply was disconnected from the gas 
thermometer system and the latter was cautiously bled 
toatmospheric pressure. An exhaust valve for the argon 
stem was “cracked” to provide a slight leak and the 
pressure regulator was adjusted to the desired pressure. 

The relative temperature distribution became stabi- 
lzed in the warming apparatus after about two hours. 
The pressure in the gas thermometer system was above 
atmospheric again by this time, so the system was 
momentarily bled to the atmosphere. A minute or two 
later, the system was again momentarily bled to the 
atmosphere and the thermocouple voltage was measured. 
Barometric pressure was measured by connecting one 
‘ide of a mercury manometer to the vacuum pump. One 
atmosphere pressure happened to provide a convenient 
thermometer sensitivity, and obtaining this pressure by 
bleeding the thermometers to the atmosphere for each 
tun avoided large pressure changes with their con- 
‘iderable thermal effects and the hazard of driving the 
‘icone into the capillary tubing leading to the gas 
thermometers. 

Next, the stopcock between the two gas thermometers 
was closed. The level difference Ah in the U-tube was 
measured with a cathetometer as a function of time and, 
when it appeared to be changing linearly,‘ the current 
vas switched from the dummy heater to the heater in 
the plunger. After the U-tube reading again varied 
—=---_-_-_——. 

‘The linear variation of the U-tube reading was in the direction 


and of the order of magnitude expected on account of the differ- 
‘nce in thermometer volumes. 
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linearly with time, the heater current and the new 
thermocouple voltage were noted. Then the current was 
switched back to the dummy heater. The heater resist- 
ance was measured with a small current that was turned 
off as soon as possible. The U-tube readings were then 
noted for as long as necessary for a satisfactory inter- 
polation to fix the zero reading to be subtracted from the 
last reading taken with the heater. on, in order to de- 
termine the change 6Ah arising from the heater power. 

Except at a boiling point or near the critical point, the 
rate at which the conductivity was changing was slow 
compared to the 10 to 150 sec thermal time constant of 
the apparatus. 

The heat flowing from the plunger to the barrel is 
\vATA/L, where A/L is the geometrical constant of the 
apparatus and i, is the thermal conductivity, uncor- 
rected for series and parallel thermal resistances. The 
heat balance for the plunger is 


\,AAT/L—P+CdT,,/dt=0, 


where C is the heat capacity of the plunger, 7, is its 
temperature, / is time, and P is the power supplied to the 
heater. If the operator 6 signifies the change in steady- 
state value brought about by a change 6P in heater 
power, on 


\,ASAT/L—6P+C8(dT,,/dl)=0. 
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TABLE I. Thermal conductivity of argon. 
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In the procedure described above, P is initially zero, so 
5P is just the power supplied to the heater when it is 
turned on. In the time it takes to make the determina- 
tion, the change in the steady-state value of C(dT,/dt) is 
negligible, so that 


hu=L6P/ABAT. 


If the dummy heater had not been used, a correction of 
1 percent to 10 percent would have been required be- 
cause the warming-up rate would have been increased 
by turning the heater on; also, because of the relatively 
poor thermal conductivity of the glycerine around the 
barrel, the time for C(dT,/dt) to reach its steady-state 
value after the heater was turned on or off would have 
been unduly long. 

The change in temperature difference was calculated 
from the dimensions and temperatures of the various 
parts of the apparatus and the observed change in level 
difference. The following formula represents these calcu- 
* lations within 0.2 percent up to 150°K and within 0.4 
percent up to 200°K: 


§AT/5Ah=0.0790T)/H+2.50X 10-"T?, 


where 7» is the absolute temperature at which the gas 
thermometer system was bled to the atmosphere, H is 





the pressure at that time in mm Hg at 27°C, and T is the 
absolute temperature at the time 6A/ was measured. The 
temperatures are in °K. 

The procedure for nitrogen was similar except that the 
thermal conductivity was also determined during the 
latter part of the period of soaking in liquid nitrogen. 
Some argon runs were tried with the space between the 
barrel and the aluminum bottle used for a thermostat 
bath; a second cylinder of argon was connected to this 
space during the cooling process, which required several 
extra liters of liquid nitrogen. After the warming-up 
began, the thermostat bath was connected to the 
atmosphere. The temperature arrest at the boiling point 
lasted about an hour and a half. However, the zer0 
reading of the gas thermometers would meander to the 
extent of one or two thousandths of a degree in the time 
it took to make a determination. 

The extraneous heat conduction in parallel with the 
argon gap was determined by measuring the therm! 
conductivity of nitrogen gas at 1 atmos and subtracting 
the values obtained by Eucken.® The thermal resistant 
in series with the argon gap was determined by filling 
the gap with Wood’s metal. 


5 A. Eucken, Physik. Z. 12, 1101 (1911). 
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THERMAL CONDUCTIVITY OF FLUID A AND Ng 


The thermocouple voltage measurements were made 
with a Type K-2 potentiometer; the calibration of the 
thermocouple wire was checked against the freezing 
point of argon. The potentiometer and standard resistors 
were used to measure heater power. 

Expressed as probable errors, the precision and ex- 
pected accuracy of the reported results are, respectively : 
thermal conductivity, 0.5 percent and 23 percent; 
temperature, 0.2° and 0.5°; pressure, 0.5 percent and 
0.7 percent. 


RESULTS 


The thermal conductivity \ of argon is given in 
Table I, from which Fig. 3 was prepared. Constant 
pressure curves are labeled with the corresponding re- 
duced pressures. 

The shaded region shows where convection is possible 
according to accepted ideas of heat transfer. The basis 
for this prediction of a convection region is a dimen- 
sional analysis of experiments on free convection be- 
tween vertical plates. It is customary to use as dimen- 
sionless parameters the Grashof number 


Gr= Bgp?L?AT/12, 


where 6 is the cubical thermal expansion coefficient, g is 
the acceleration of gravity, p is the density, L is the 
thickness of the liquid film, AT is the temperature 
difference, and yw is the viscosity, and the Prandtl 
number 

Pr=cpu/A, 


30 
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where Cc, is the specific heat at constant pressure (per 
unit mass). 

The assumption that inertial forces are negligible in 
comparison to viscous forces implies that the criterion 
for the importance of convection is the value of the 
product GrPr.* A considerable accumulation of engi- 
neering data” * shows that very little, if any, convection 
occurs when this product is less than about 700. In a 
more complete dimensional analysis, the ratio of the 
height of the plates to the width of the gap between 
them would have to be considered. The experiments on 
convection do not extend to as large a value of.this 
ratio as exists in the present apparatus, but their trend 
shows that the tendency toward convection decreases 
slowly as the ratio is increased. 

The hard sphere theory, below, indicates that a 
conservative estimate of the viscosity can be obtained 
from the relation 1=4m)/15k, where m is the mass of a 
molecule and & is Boltzmann’s constant. The density, 
expansion coefficient, and specific heat were estimated 
from the thermodynamic properties of hydrocarbons at 
corresponding states. Although the value of GrPr 
calculated in this way for a given point cannot be ex- 
pected to be very accurate, the boundary of the shaded 
region in Fig. 3 is fairly well defined, because of the 
rapid variation in expansion coefficient and specific 
heat. 

Three constant volume lines are drawn in Fig. 3. The 
one in the vicinity of 90°K is based on a thermal pres- 
sure, i.e., (0p/0T),, of 25 atmos/°K.'® The other two 





x 10° 


~ 
So 


Fic. 3. Thermal 
conductivity of ar- 
gon. Pressures are 
expressed in multi- 
ples of the critical 
pressure, 48 atmos. 
The dashed line re- 
presents extrapola- 
tions of constant 
pressure lines to the 
saturation tempera- 
tures, 


al 
C-cm- sec 


@ CONDUCTIVITY OF GAS 


THERMAL CONDUCTIVITY ; 
Ss 


PARAMETER IS REDUCED PRESSURE 


ACCORDING TO EUCKEN 














0 
80 


*W. Nusselt, Z. Ver. deut. Ing. 73, 1475 (1929). 
"H. Kraushold, Forsch. Gebiete Ingenieurw. 5, 186 (1934). 


ABSOLUTE TEMPERATURE, °K 


*M. Jakob, Heat Transfer (John Wiley & Sons, Inc., New York, 1949), pp.”534-542. 


*W. C. Edminster, Ind. Eng. Chem. 30, 352 (1938). 
“F. Simon and F. Kippert, Z. physik. Chem. 135, 113 (1929). 
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lines were obtained from the p-v-T diagram given by 
Rice" and based on the densities of the liquid at the 
vapor pressure and Bridgman’s data” for much higher 
pressures than those used in the present experiments. 

The thermal conductivity of nitrogen is given in 
Table II and plotted in Fig. 4. Corresponding values 
obtained by interpolation (and some extrapolation) 
from Borovik’s graphs” are also shown. The errors of 
interpolation are less than the largest differences, which 
occur at twice the critical pressure and at the critical and 
somewhat higher temperatures. For the present appa- 
ratus, convection is likely in this region, as in the 
corresponding region for argon (the shaded area in 
Fig. 3). However, the discrepancies are probably due in 
part to an overcorrection applied by Borovik. He had 
noticed that the apparent thermal conductivity was an 
increasing function of the temperature difference used in 
the measurement, especially in this region, and made a 
linear extrapolation to zero temperature difference to 
obtain his reported values. His values in this region are 
therefore apt to be too low, as a unique thermal con- 
ductivity is usually found for temperature differences 
below a certain finite value.” 

The apparent convection acknowledged by Borovik is 
particularly noteworthy since he used the desirable 
arrangement of causing the heat to flow downward 
through a layer of sample. The thickness of this layer 
and the temperature differences used were such that the 
values of the GrPr product were about 10% times those 
for the present apparatus, but the two arrangements 
cannot be directly compared. 


TABLE IT. Thermal conductivity of nitrogen. 








Thermal 
conductivity 
cal/°C-cm-sec 


34.0 X10 
31.8 
29.6 
25.7 
20.3 
16.3 
11.0 
6.41 
5.97 


33.2 
29.2 
25.6 


Pressure 
atmos 


Reduced 


Temperature 
pressure "a 





76.9 
83.3 
89.8 
100.7 
114.5 
127.2 
142.1 
169.0 
184.3 


76.6 
88.7 
97.3 
111.0 
121.6 
132.6 
143.4 
154.2 


2 67.6 
67.0 
67.0 
66.9 
66.9 
67.0 
67.2 


76.4 
77.2 
91.8 
107.2 
121.3 


0.25 
0.17 
0.33 
1.15 
1.16 
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1 QO. K. Rice, J. Chem. Phys. 14, 324 (1946). 

2 P. W. Bridgman, Proc. Am. Acad. Arts Sci. 70, 1 (1935). 
18 E. Borovik, J. Phys. (U.S.S.R.) 11, 149 (1947). 

4 See reference 3, Fig. 8. 
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Hammann” measured the thermal conductivity of 
liquid nitrogen up to the normal boiling point, but there 
his value is 50 percent higher than that obtained in the 
present experiment. The practically negligible tempera. 
ture dependence that he reported is also at variance 
with the present results. Since the latter are in sub. 
stantial agreement with those of Borovik, it seems 
probable that Hammann’s values are inaccurate. 


HARD SPHERE MODEL 
A. Argon 


As a model of a liquid, one can take a dense gas 0 
hard spheres in a uniform potential well. The diameter ¢ 
of the spheres and the depth of the well can be defined in 
terms of thermodynamic properties of the real liquid 
and will then be functions of temperature and the 
volume v per molecule. The model constructed in this 
way can be used to calculate the thermal conductivity. 

Enskog has solved the thermal conduction problem 
for hard spheres in terms of a factor x representing the 
increased probability of a collision in a dense gas.'® This 
factor can be obtained from the equation of state fora 
hard sphere gas through the relation 


p*0/kT = 1+ dpx, (1) 


where #* is the pressure for the hard sphere gas (not the 
pressure on the real liquid) and bp=2z0*/3v. The 
equation for the thermal conductivity is 


\ =1.02513— 
32\ m 


25 =) | 1 6 


—+-+0.1574b0x| (2) 
vLbpx 5 

In order to obtain o and bpx from the measured 
thermodynamic properties, one needs the statistical 
mechanics of a dense gas of hard spheres. Even for this 
idealized model, arbitrarily exact solutions are not 
available. The free volume concept!”!® provides a 
starting point for making approximations. 

For both liquid and gas, the free volume 2, pet 
molecule will be defined in terms of the classical parti- 
tion function Q by 


O={No;(2rmkT/h’)! exp[(€—E)/kT]}*/N!, (3) 


where m is the mass and ¢=3k7/2 the average kinetic 
energy per molecule, NV is the number of molecules, and 
NE is the average energy of the system. The depth of 
the uniform potential well is thus €—E. The definition 
(3) is equivalent to the assumption of a communal 
entropy of Vk. This assumption can be examined only in 
terms of the method chosen for relating v, to the 
specifications of the hard sphere gas. For a given 


18 G. Hammann, Ann. Physik [5] 32, 593 (1938). 

16S, Chapman and T. G. Cowling, The Mathematical Theory of 
Non-Uniform Gases (Cambridge University Press, London, 1939); 
Chapter 16. y 

17H, Eyring and J. Hirshfelder, J. Phys. Chem. 41, 249 (1937). 

18 J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. 50. 
(London) 163A, 53 (1937); 169A, 317 (1938) ; 170A, 464 (1939). 
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method, however, there are differences of opinion on the 
amount of communal entropy.!* 7° 

The liquid free volume that will be used here is ob- 
tained by considering the molecules arranged in a close- 
packed lattice and calculating the volume that can be 
traced out by the center of one molecule when the other 
molecules are fixed in place. A further condition that 
affects only the calculation for 141.6°K is that the 
center is not allowed to leave the dodecahedron of 
volume 2 centered on the lattice point and whose faces 
are perpendicular bisectors of the lines between lattice 
points. Tables of this “exact free volume” have been 
published recently.24 Similar compilations for other 
lattices, e.g., body-centered cubic, would be desirable, 
since x-ray studies” indicate that the number of nearest 
neighbors in liquid argon is less than the value 12 
corresponding to close packing. However, the calcula- 
tion of the thermal conductivity from measured thermo- 
dynamic properties is expected to be rather insensitive 
to the choice of lattice. 

Experimental values of the heat of vaporization AH 
and the volume v, of the saturated vapor and 2; of the 
coexisting liquid (per molecule) enable one to carry 
through the above program and calculate the thermal 
conductivity of the coexisting liquid. The free volume 





"0. K. Rice, J. Chem. Phys. 6, 476 (1938) ; 12, 1 (1944) ; 14, 348 
(1946). Rice obtains a communal entropy of 3Né for a free volume 
about 4 of the “cage” free volume. Since e28, his conclusions 
support the use of Vk with the cage free volume. 

*J. A. Pople, Phil. Mag. 42, 459 (1951). 

* Buehler, Wentorf, Jr., Hirshfelder, and Curtis, J. Chem. 
Phys. 19, 61 (1951). Their “soft-center” free volumes were used. 

” A. Eisenstein and N. S. Gingrich, Phys. Rev. 62, 261 (1942). 
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vz. Of the liquid is given by 
Vs1=Vz, exp(—AH/kT), 


(4) 


where v;, is the free volume of the saturated vapor and 
will be taken as 


(S) 


as suggested by the reduced Van der Waals equation, 
where 7, is the critical temperature and 4, is the critical 
pressure. Except within a few degrees of the critical 
temperature, v,>>kT./8p,, so that Eq. (5) will not limit 
the accuracy of any of the calculations made here. 

If directly measured values of AH are not available, 
and they are not for argon except at the normal boiling 
point, AH can be obtained from measurements of the 
vapor pressure p, according to the Clausius-Clayperon 
equation 


V ¢gav,—kT./8p-, 


AH/T=(v,—1)(dp./dT). (6) 


However, much more accurate vapor densities are re- 
quired when this equation is used than when the vapor 
density enters only in Eq. (5). 

Table III shows that the experimental results for the 
thermal conductivity are in reasonably good agreement 
with the hard sphere model, even when quantum-me- 
chanical effects are neglected. The calculated molecular 
diameters are fairly constant and their slow decrease 
with increasing temperature is what one would expect 
from the closer approach possible for more energetic 
molecules. The vapor pressure equation given by 
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TABLE III. Theoretical and experimental thermal conductivities of liquid argon. 





JR. 








Temperature, °K 87.3 90.0 97.8 
10®Aexp, cal/°C-cm-sec 29.1 28.7 26.5 
Nov1, cc/mole* 28.5 29.1 30.2 
Novysi, cc/mole 0.86» 1.08° 1.5 
Kincaid and Eyring formula 
Eq. (8), 10®Acatc 21.8 18.6 17.5 
Nealc/Aexp 0.75 0.65 0.66 
Hard sphere model and classical mechanics 
Diameter ¢, angstroms 3.44 3.43 3.40 
bpx 5.74 5.32 4.77 
Eq. (2), 10®rcaic 26.4 24.5 22.5 
Neale/Aexp 0.91 0.85 0.85 
Eq. (7), 10° ueaic, poise 1.30 1.22 1.12 
10 vexp 2.52 
Hard sphere model and quantum mechanics 
10®rcate 29. 27.4 24.8 
es a 1.03 0.96 0.94 
108 peate 1.38 1.29 1.18 
Diameter o, angstroms 3.40 3.39 3.36 





112.0 122.4 137.7 141.6 
22.5 18.35 14.9 13.8 
32.7 35.1 41.1 43.6 

Fle a 4.1 9.3 11.0 
15.5 14.4 10.9 10.3 
0.69 0.78 0.73 0.75 
3.34 3.34 3.28 3.30 
3.97 3.50 2.80 2.75 
19.5 17.6 13.9 13.2 
0.87 0.96 0.93 0.95 
1.05 0.85 0.67 0.62 
21.1 18.7 14.5 13.8 
0.94 1.02 0.98 1.00 
1.09 0.88 0.69 0.63 
3.31 3.31 3.25 3.27 








® No =Avogadro’s number. 


b Based on measured NoAH =1557.5 cal/mole. (See reterence 26.) All other values of vs: were calculated from vapor density and pressure. 


© Vapor densities obtained by extrapolation (see text). 


Crommelin® and the liquid and vapor densities 
measured by Mathias and Crommelin were used, with 
the following exceptions: Below 122.4°K, there are no 
measurements of the density of the saturated vapor, so 
these densities were calculated from a Van der Waals 
type of equation with an attractive constant a of 1.6 
atmos (liters/mole)?, which agrees fairly well with 
measured densities” of slightly superheated vapor. For 
87.3°K, the measured heat of vaporization*® and Baly 
and Donnan’s liquid density were used. 

Enskog’s theory enables one to predict the viscosity u 
in the same way as the thermal conductivity. His 
equation is 


5 of 1 4 
= 1.016-(emé7)-| —+-+0.761469x| (7) 
24 vLbpx 5 


and the results of the calculation are given in Table III; 
the agreement with experiment”’ is much less satis- 
factory than for thermal conductivity. The existence of 
more recent viscosity measurements on liquid argon and 
nitrogen is indicated by abstracts,?* but we have not 
succeeded in obtaining the article in question. The 
abstracts indicate that most of the measurements were 
for nitrogen and that the results for argon are not ex- 
tensive enough to check the predictions in Table ITI. It 
is interesting to note that the predicted viscosity values 
agree with the value 1.27X10-* poise calculated by 


%3 International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1928), Vol. III. 

— Tabellen (Julius Springer, Berlin, 1923), 
Vol. I. 

26 J. Y. Oldshue, thesis, Illinois Inst. of Technology (1949). 

26 A. Frank, Z. physik. Chem. 42, 395 (1939). 

27 N.S. Rudenko and L. W. Schubikow, Physik. Z. Sowjetunion 
6, 470 (1934). 

28 B. I. Verkin and N. S. Rudenko, di Exptl. Theor. Phys. 
(U.S.S.R.) 20, 521 (1950); Chem. Abs. 44, 8721 (1950); Brook- 
haven National Laboratory, Guide to Russian Scientific Literature 
4, 82 (1951); Science Abs. 53A, 980, No. 8518 (1950). 













Kirkwood, Buff, and Green’ for argon at 89°K, using a 
Lennard-Jones potential and a radial distribution func- 
tion adjusted to give the measured heat of vaporization. 

A simple relation between thermal conductivity and 
free volume was proposed by Kincaid and Eyring.” 
Their general equation for both monatomic and 
polyatomic substances is 


A= (1/12) (9y’—5)vi-4(8kT/am)*(01/v41)'ac,, (8) 


where ¢, is the specific heat per molecule in the gas, a is 
an accommodation coefficient to correct for the degrees 
of freedom that do not fully contribute to the thermal 
conduction, and 7’ is the specific heat ratio for thermal 
conduction in the gas. The factor (8k7/am)} is the 
average velocity w. For a monatomic substance, the a 
priori values of y’ and ac, are 5/3 and 3k/2 and lead to 
the first set of Ncaic values in Table III. It is evident that 
a numerical factor of 1.2 would make the Kincaid and 
Eyring equation a good approximation to the more 
lengthy calculations based on Enskog’s theory and the 
free volume for a close-packed lattice. 

It is conceivable that an approximation to the 
translational motion of a molecule in a liquid can be 
obtained from the quantum mechanics of a particle in a 
box of volume v;. In estimating a correction for the 
foregoing classical calculation of the thermal conduc- 
tivity, it will be convenient to assume that 


x (un) si *Cy (9) 


as suggested by Eq. (8). The cy in Eq. (9) is the specific 
heat for the model, not for the real liquid. 

For the sake of simplicity, the free volume will be 
taken as cubical in shape; the partition function then 
shows that it is sufficient to consider the one-dimensional 
problem of a uniform potential well of width v,:4. The 


29 Kirkwood, Buff, and Green, J. Chem. Phys. 17, 988 (1949). 
% J. F. Kincaid and H. Eyring, J. Chem. Phys. 6, 620 (1938). 
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one-dimensional partition function for kinetic energy is* 


s= a exp[ —(v/2q)*], 


where 
qg= (24rmkTv;3/h?)}. (10) 


The Euler-Maclaurin summation formula*! gives the 
following approximations: 


r exp —2(v/2q)? &q-3, 


F v expl —4(v/2g)* EX (2g2/m) —(1/12)(2¢2/n), 
(11) 
exp —2(v/2q)? |&29°/7, 


vexpl —a(v/2q)? 129°/z. 


For argon at 87.3°K, g=3.8 and direct summations 
agree very well with Eqs. (11), which are therefore 
valid for all higher temperatures and larger free volumes. 
Thus, all the sums can be replaced by their classical 
values except the partition function itself, which is 
decreased by a factor @'=1—}q"'. Therefore the 
average velocity, the average kinetic energy, and the 
average square of the energy are increased by a factor 8. 
The specific heat 


mc,=k(d/dT)T?(d Inz/dT) 


= kea*L(v4)av— ((P*) 0)? J/ 1694 
~e[1+1/4g = 3kB! (12) 


is increased by a factor 6. 

For a given model, then, quantum mechanics gives a 
thermal conductivity that is larger by a factor 83, be- 
cause of the increased average velocity and specific heat. 
However, quantum mechanics affects the construction 
of the model from the entropy of vaporization. The 
om modifications of Eq. (3) decrease v;;~ by a 
actor 


1/8 exp 3(8—1) Js". (13) 


The net correction to be applied to the classical calcula- 
tion is 
pip? = B=1+ 1/24. (14) 
Table III shows that this correction brings the calcu- 
lated thermal conductivities as close to the measured 
values as the inconsistencies in the thermodynamic data 
will permit, since the unsystematic deviations that 
temain can hardly be the fault of the theory. 
The correction, Eq. (13), results in slightly decreased 


“J. E. Mayer and M. G. Mayer, Statistical Mechanics (John 
Wiley & Sons, Inc., New York, 1940). 


molecular diameters. From Eq. (13) and the approxi- 
mation®™ 


v 'S2(vt— 093), (15) 


where v!=2-'/®°¢ for close packing, one obtains the 
corrected o values given in Table ITI. 

In an attempt to repeat the above procedure for the 
case of viscosity, it was assumed that 


wx () a0 si, (16) 


which gives a net correction of 6}, or 7 percent at 87.3°K. 
But an increase of almost 100 percent would be required 
to obtain agreement with experiment, so that quantum 
mechanics cannot account for much of the difference if 
Eq. (16) is an adequate description of the model. 

The unequal success of the hard sphere model for 
thermal conductivity and viscosity is not too surprising, 
since the viscosity becomes enormous on freezing, while 
the heat conductivity does not change in order of 
magnitude.* The faster-moving molecules, for which the 
hard sphere model should be more suitable, are rela- 
tively more effective in thermal conduction than in 
momentum transport. One would expect the agreement 
for viscosity to improve rapidly as the free volume and 
temperature are increased. Viscosity measurements on 
nitrogen gas at high pressures agree well with Enskog’s 
theory." 


B. Nitrogen 


A reasonable model for liquid nitrogen would have to 
take into account its diatomic nature. Unfortunately, 
there is no rigorous theory of transport processes in 
dense gases except for hard spheres. A crude approach 
to the thermal conduction problem is suggested by 
Eucken’s success, for gases, with the assumption that 
the translational and rotational conductivities are 
additive.™ 

The translational conductivity is exceptional in that 
the quantity transported, translational kinetic energy, 
is correlated with the velocity of transport; this 
“persistence of velocity” is automatically included in 
Enskog’s theory for hard spheres. The transport of 
momentum and rotational kinetic energy are not 
affected by persistence of velocity, so that an estimate 
of the rotational conductivity can be obtained from 
(k/m)u, since k is the rotational specific heat of a 
diatomic molecule. 

A possible prescription for calculating the thermal 
conductivity of nitrogen is: proceed as if nitrogen were 
monatomic, i.e., exactly as for argon, and calculate the 
translational thermal conductivity \; and the viscosity 


® Hirshfelder, Stevenson, and Eyring, J. Chem. Phys. 5, 896 
(1937), Eq. (15). 

33 Five measurements, with the present apparatus, of the 
thermal conductivity of solid argon at 77°K gave (42+2)x 10-5 
cal/°C-cm-sec. However, this value represents a lower limit be- 
cause of the shrinkage of argon on freezing. 

* A. Eucken, Physik. Z. 14, 324 (1913). 
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of liquid nitrogen. 














Temperature, °K 78.1 100.0 119.5 
10®A¢xp, cal/°C-cm-sec 32.0 23.5 16.0 
Nov1, cc/mole 34.8 40.8 52.5 
Novsi, cc/mole 1.04 3.39 12.9 

Kincaid and Eyring formula 
Eq. (8), 10®Acaic 27.8 20.1 12.9 
Neale/Aexp 0.87 0.85 0.81 

Hard sphere model and classical mechanics 
Diameter o, angstroms 3.69 3.62 3.52 
bpx 5.77 3.95 2.76 
Eq. (2), 10°, 25.6 19.1 12.7 
Eq. (7), 10°41, poise 0.90 0.65 0.43 
Eq. (18), 10®rcaic 32.0 23.7 15.1 
Neale/Aexp 1.00 1.01 0.94 
10 wexp 1.54 

Hard sphere model and quantum mechanics 
105A, 29.6 20.9 13.4 
108; 0.97 0.68 0.44 
10®rcaic 36.5 25.7 16.5 
Neale/Aexp 1.14 1.10 1.03 
Apparent free angle ratio, 52 0.70 0.77 0.91 
#41 on the hard sphere model; then let 

N=At (b/m) un. (17) 


The results of such calculations are given in Table IV. 
Densities from reference 24 and the heats of vaporiza- 
tion selected by Wiebe and Brevoort* from the results 
of several investigators were used. 

The experimental values of the thermal conductivity 
were obtained by extrapolation to the saturation pres- 
sure; their remarkable agreement with the values 
calculated on a classical basis must be regarded as 
coincidental if the quantum-mechanical corrections, 
which interfere with the agreement, are to be taken 
seriously. According to Raman spectra, the rotation of 
nitrogen may be restricted in the liquid, in which case 
the free volumes calculated from Eq. (4) are too low by 
a factor 52, the free angle ratio.*° The correction for this 
effect would be opposite to the quantum-mechanical 
corrections and might restore the agreement with ex- 
periment; the values of 62 that would be required are 
given in Table IV (solely for the sake of the present 
argument, as this procedure can hardly be regarded as a 
means of determining 6:). They are sufficiently large 
that quantum-mechanical effects on the rotational 
energy levels can probably be neglected. The restricted 
rotation discussed here is to be distinguished from the 
more extreme variety in which the rotational degrees of 
freedom perform harmonic oscillations. 


35R. Wiebe and M. J. Brevoort, J. Am. Chem. Soc. 52, 622 
(1930). 

36 G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., New York, 1950), second edition, p. 464. 
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TABLE IV. Theoretical and experimental thermal conductivities 


om. 





It will be noted that Eq. (8), which is also based on 
the assumption of the additivity of translational and 
rotational thermal conductivities, gives a good ap. 
proximation to the classical calculations if the right- 
hand side is multiplied by a factor 1.2. The a priori 
values 7/5 and 5k/2 were used for y’ and ac, in Eq. (8). 

As in the case of argon, the calculated viscosity is only 
about half as large as the experimental value, obtained 
by a slight extrapolation of Rudenko’s measurements,’ 


SUMMARY 


The thermal conductivity of liquid argon has been 
measured and correlated with some of its thermodynamic 
properties under the following assumptions: (a) The 
atoms are equivalent to hard elastic spheres in a 
potential well; (b) the statistical mechanics of a dense 
gas of hard spheres can be approximated by using the 
free volume for a sphere in the cage formed by its 
neighbors in a close-packed lattice, along with a com- 
munal entropy of Vk; and (c) the energy levels of a 
sphere are those of a particle confined in the free 
volume. 

Assumption (a) is unsatisfactory at high densities for 
calculating the viscosity, but thermal conduction ap- 
pears to be a peculiarly favorable case. Viscosity meas- 
urements for somewhat lower densities of the liquid 
should be interesting. 

If, instead of a close-packed lattice, a lattice witha 
lower coordination number were assumed in (b), the 
results of the calculations would probably not be altered 
by more than a few percent. The calculated thermal 
conductivity would be 25 percent too low if the com- 
munal entropy were neglected, so that, apart from the 
unevaluated error of assumption (a), a communal 
entropy of at least 80 or 90 percent of Vk is indicated by 
the experimental results. 

The apparent experimental confirmation of assump- 
tion (c) is intriguing, but must be regarded as rather 
tenuous in view of assumptions (a) and (b). 
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Infrared and Raman Spectra of Fluorinated Ethanes. III. The Series 
CH;—CF;, CH; —CF.Cl, CH;—CFCl,, and CH;—CCl,* 
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AND 


J. Rup NIELsEN, RaymMonp M. Smitu,f AND C. Y. LIANG 
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New infrared spectra have been obtained for gaseous CH;— CF; in the region 20-38, and in the region 
2-38u for gaseous CH;— CF2Cl and CHs— CFCl2, and CHs3— CCl; vapor and liquid, by use of LiF, NaCl, 
KBr, and KRS-5 optics. Raman spectra of gaseous and liquid CH;—CF.Cl and of CH3;—CFCl, and 
CH3— CCl; in the liquid state have been obtained with a three-prism glass spectrograph of linear dispersion 
15A/mm at 4358A. Depolarization ratios were obtained for all of the stronger Raman bands of the liquids. 

The spectra are interpreted, a complete assignment of fundamental frequencies is proposed for each 
molecule, and thermodynamic functions are calculated for the temperature range 298-600°K and at the 


boiling point. 





INTRODUCTION 


OMPLETE knowledge of the fundamental vibra- 

tion frequencies for all of the ethane derivatives 
listed in Table I is of considerable importance to a 
variety of problems and is the general aim of an ex- 
perimental program currently under way. Because of 
certain advantages resulting from the study of series 
of closely related molecules, the compounds in Table I 
have been investigated as groups, one of which (No. 2) 
is treated in the present paper. 

The assignment of fundamentals is based primarily 
upon selection rules, band contours, intensities, polar- 
izations, etc., but also upon satisfactory correlation of 
the fundamentals with molecular structure through 
one or more groups of molecules. Such correlations are 
particularly important and useful in connection with 
molecules of low symmetry, whose spectra tend to be- 
come more complex and have less useful selection rules 
than those of highly symmetric molecules. 


EXPERIMENTAL 


Infrared measurements in the range from 2 to 22 u 
were made with a large prism spectrometer of high 
resolution.’ In the range from 20 to 38 uw a 26° KRS-5 
prim was used in a Perkin-Elmer Model 12B spec- 
trometer. Atmospheric water vapor bands were used 
for calibration of the latter,? and checks were provided 
by a number of sharp bands of certain fluorinated 


*This work has been supported by Contract N7-onr-398, 
T.0. L, with the ONR and by Contract AT-(40-1)-1074 with the 
AEC. It was presented in part at the Symposium on Molecular 
Structure and Spectroscopy held at Ohio State University, June 
ll-15, 1951. The results for CHs-CFCl, are taken from a thesis 
presented by Raymond M. Smith to the faculty of the Graduate 
College of the University of Oklahoma in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

{Present address: Battelle Memorial Institute, Columbus, 

io. 

’ Nielsen, Crawford, and Smith, J. Opt. Soc. Am. 37, 296 (1947). 


asgancal Dennison, Ginsburg, and Weber, Phys. Rev. 52, 160 


aromatic hydrocarbons in the liquid state common to 
both infrared and Raman spectra. The resolution ob- 
tained with KRS-5 was rather poor, however, so that 
the positions of sharp bands are probably accurate to 
no more than +2 cm, Also, considerable uncertainty 
is involved in the observation of very weak bands in 
this region. Liquids were examined between KRS-5 
plates separated by Teflon spacers of from 0.01- to 1.8- 
mm thickness, and gases were studied in 10-cm Pyrex 
cells with 0.001-in. polythene windows.’ 

All Raman spectra were photographed by means of a 
three-prism glass spectrograph of linear dispersion 
15A/mm at 4358A. The instrument and irradiation 
apparatus have been briefly described elsewhere.‘ 

The sample of CH;—CF; studied previously® was 
used for the additional measurements on this com- 
pound. Two samples of CH3;—CF;Cl, both commercial 
materials, were studied. That for which vapor state 


TABLE I. Groups of related ethane derivatives. 








Group No. 1 


No. 4 


No. 7 





CH;—CHs; 
CH;—CH.F 
CH;— CHF; 
CH;—CFs3 


CF;—CH; 
CF;—CH,F* 
CF;— CHF, 
CF;—CF; 


CCl;—CHs; 
CCl;—CH.2F* 
CCl;—CHF;* 
CCl;—CF; 





Group No. 2 


No. 5 


No. 8 





CH;—CFs3 
CH;—CF.Cl 
CH;—CFCl, 
CH;—CCl; 


CF;—CF; 
CF;—CF,Cl 
CF;—CFCl, 
CF;—CCl; 


CCl;—CFs; 
CCl;—CF,Cl 
CCl;—CFClz 
CCl;—CCl; 





Group No. 3 


No. 6 


No. 9 





CH;—CHs; 
CH;—CH.Cl 
CH;— CHCl, 
CH;—CCls; 


CF;—CHs 
CF;—CH;Cl 
CF;—CHCl, 
CF;—CCl; 


CCl;—CHs 
CCl;—CH;Cl 
CCl;—CHCl, 
CCl;—CCl; 








® Not available. 


3E. K. Plyler, J. Research Natl. Bur. Standards 41, 125 (1948). 
4Smith, Nielsen, and Claassen, J. Chem. Phys. 18, 326 (1950). 
5 Nielsen, Claassen, and Smith, J. Chem. Phys. 18, 1471 (1950). 
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FLUORINATED ETHANE SPECTRA 


TABLE II. Infrared and Raman spectra of CH;— CF,Cl. 














Infrared (gas) 
cm7! 


Raman (liquid)* 
Relative 





cm~! intensity Depolarization Interpretation 
144? vvw Spurious? 
166? vVvw Spurious? 
~ 295 
305 vs, sh 309 5 (0.6+0.15) A’ fundamental 
314 
334 s, sh 335 7 (0.7+0.15) A” fundamental 
~ 348 
429 sh 10 A’ fundamental, C137 
~ 435s 435 sh 33 (0.3) A’ fundamental, C135 
~ 475 vw(?) 2X 238 =476? 
526 vvw A” fundamental? 
~ 533 
543 s, sh 544 sh 8 (0.2) A’ fundamental 
554 
~ 600 
611 vw, sh 2X 305=610 A’ 
~ 622 
634 vvw 305+334=639 A” 
673 
683 s, sh 679 sh 54 (0.13) A’ fundamental 
692 
728 
730 vw, sh 305-+-430=735 A’? 
740 vw 305+437 =742 A’ 
760 
766 w 3344-437 =771 A”, 3344+430=764 A” 
~ 7173 
811 vvw Probably CH;— CHF impurity 
827 sh vw CH;— CF; impurity 
~ 840 
~ 846 
847 w, sh 848 vVVvw 305+543 = 848 A’ 
851 
~ 862 2X 430=860 A’, or impurity 
867 vw, sh 865 VVWw CH;— CHF, impurity 
870 vw, sh 334+543=877 A” or 2X437=874 A’ 
895 
904 vs, sh 898 9 (0.45) A’ fundamental 
912 
~ 955 
967 vs, sh 963 d 2 (0.9+0.1) A” fundamental 
968 
~ 978 
1013 vw 334+-683 = 1017 A” 
1022 
~1060 vvw CH;— CHF impurity, or 1395—334=1061 A” 
~1096 
1101 
1107 s, sh 1103 4 (0.3+0.1) 437+-693=1120 A’ 
A’ fundamental 
~1125 
1134 vs, sh 1127 7 (0.2+0.1) 
1143 
~1165 Probably CH;— CHF? impurity 
~1180 
1190 vs, sh Au” 
1202 vs, = 1202 0.5 A” fundamental 
1212 1210 0.5 305+904= 1209 A’ 
1220 
1230 s, sh 1231 1 A’ fundamental or 334+904= 1238 A” 
~1240 
1287 305+967 =1272 A’”’? 
1299 w 334+967 = 1301 A’ 
1340 w 435+-904= 1339 A’ 





* The following Raman bands were observed for the gas: 430 w, 437 m, 683 s, sh, 2962 vs, sh, and 3033 cm~ w, d. A different, water-free sample was 
Wed for the liquid-state measurements. 
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Infrared (gas) 
cm7 


Raman (liquid)* 


Relative 
intensity 


Depolarization 


Interpretation 





~1385 
1395 s, sh 
1404 


~1438 
1447 m, sh 
~1451 


1506 
1522 w, sh 
1534 
1541 w, sh 
1560 w, sh 


1577 
1585 m, sb 
1592 


1600-1850 


1672 w, sh 
~1695 


~1750 
1783 w, sh 
1808 
1818 
1821 w, sh 
1825 


1873 m, sh 
1883 


1934 
2041 vvw, sh 
2096 m, an 


2105 m, sh 
2116 
2135 
2146 
2160 
2179 
2198 


2252 vvw 
2299 w, sh 
2358 w, sh 
2404 


2415 vw, sh 


2421 
~2525 vw 
2538 
~2611 w 
2770 w 
2778 
~2850 w 
2890 w, sh 


~2955 
2965 m, sh 
2975 


~3017 
3026 
3035 s, sh 


3268 vw 
3333 vw 
3460 vw 
3585 vw 
3745 vw 
3845 vw 
4150 w 
4240 w 
4445 w 


2766 sh 


2956 sh 


(0.7+0.05) 


A’ fundamental 


A’ and A” fundamentals 


543+967 = 1510 A’; 305+1196= 1501 A” 


334+1196= 1530 A’ 
305+1230= 1535 A’ 
ine sis 
430+1134=1564f0r Pury 


683+904= 1587 A’ 


H,0 impurity bands 
543+1134=1677 A’ 
305+ 1395=1700 A’ 
305+ 1447 = 1752 
334+-1447 = 1781 

2 904= 1808 A’ 
683+1134= 1817 « 
430+-1395 = 1825 
437+1395 = 1832 # 


904+-967 = 1871 A”; 430+ 1447 = 1877 
683+1196= 1879 A”; 437+ 1447 = 1884 


2X 967 = 1934 A’ 
904+ 1134= 2038 A’ 


904+ 1196=2100 A” 
967+1134=2101 A” 
683+ 1447 = 2130 

904+1230= 2134 A’ 


967+1196=2163 A’ 


967+1134=2201 A” 
2X 1134= 2268 A’? 
904+ 1395 = 2299 A’ 


904+-1447 = 2351; 967+1395=2362 A” 


967+ 1447 = 2414 


1134+1395=2529 A’ 
1107+ 1447 = 2544 


1196+1395 = 2591 A”; 1230+1395=2625 A’ 


2X 1395=2790 A’? 


1395+1447 = 2842 
2X 1447 = 2894 A’ 


A’ fundamental 


A’ and A” fundamentals 
305+2962=3267 A’ 

305+ 3034 = 3339 
435-+3034= 3469 
543+3034= 3577 
683+3034 = 3717? 
904+-3034= 3866 


1196+2962=4158 A”; 1134+3034= 4168 


1196+3034= 4230 
1395+3034 = 4429 
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TABLE III. Infrared and Raman spectra of CH;—CFClh. 








Raman (liquid) 








Infrared (gas) Relative 
cm! cm! intensity Depolarization Interpretation 
256 18 (0.6) A’ fundamental 
295 d 6 (0.8) A” fundamental 
376s 376 sh 18 (0.05) A’ fundamental 
398 d 13 (0.8) A” fundamental 
434s 432 sh 18 (0.10) A’ fundamental 
458 m, sh 2X229=458 A’, or impurity 
“ ~ 465 
~ 490 vvw? 755—256=499 A’’? 
~ 505 vvw, b? 2X 256=512 A’? 
~ 545 vvw, b 256+295=551 A” 
~ 586 
596 vs 590 sh 88 (0.05) A’ fundamental 
~ 604 
662 
669 m, sh 295+376=671 A” 
~ 678 
~ 683 
690 256+434=690 A’ 
696 295+398=693 A’ 
~ 722 vvw 
~ 727 vvw 295+434=729 A’’? 
~ 745 
755 vs, sh 745 vd 13 (0.86) A” fundamental 
~ 762 
776 376+398=774 A” 
784 
~ 788 
794 m, sh 2X 398=796 A’ 
796 m, sh 
~ 801 
~ 820 
826 229+596=825 A’? 
831 m, sh 398+434= 832 A” 
~ 835 
~ 851 256+596=852 A’? 
~ 854 
861 sh 
869 m, sh 2X 434=868 A’ 
874 sh 
~ 884 
~ 920 
929 vs, sh 921d 6 (0.7) A’ fundamental 
~ 936 
25 A’ ~ 971 CH;—CF;Cl impurity, or 376+596=972 A’ 
~1000 
1011 m 256+755=1011 A” 
~1020 
~1045 
~1060 vvw CH;— CH.F impurity 
~1070 
1088 
1096 vs, sh 1089 d 4 (0.7) A’ fundamental 
1106 
1124 vs, sh 1113 6 (0.24) A’ fundamental 
1130 
1156 
1164 vs, sh 1157 d 2 (0.9) A” fundamental 
~1172 
~1185 256+929=1185 A” 
~1190 CH;—CF,Cl impurity, or 434+-755=1189 A” 
68 ~1205 CH;—CF,Cl impurity, or 2X 596=1192 A’ 
1217 w 295+-929= 1224 A” 
1242 w 
Pe initincsnniens 





————— 
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TABLE III.—(Continued). 








Infrared (gas) 
cm 


Raman (liquid) 
Relative 
intensity 


Depolarization 


Interpretation 





1285 w 
~1302 
~1312 


1344 m 
~1350 


~1373 
1385 s, sh 
1395 


1416 vw 


1433 
1443 s, sh 
~1451 


1471 vw 
1504 w 
1531 vw 


1560 w 
1575 w 


1616 m 
1629 m 


~1695 w, b 
1704 w, sh 


1730 vw 
1748 vw, sh 


1852 m, sh 
~1908 w 
1980 w, sh 


2045 w, sh 
~2052 

2079 m, sh 
~2087 


2141 w 


2208 vw, sh 
2217 w, sh 
2232 w, sh 


2278 vw 
2315 w, sh 


2500 w, sh 
2545 w, sh 
2611 vw, sh 
~2653 vw 
2755 vw 
2825 w, sh 
2874 w, sh 
2959 m, sh 


3010 
3016 
3021 s, sh 


3086 vw 
3185 vw 
3300 w 
3400 w 
3600 vw 


4030 w 
4100 w 


4385 w 
4425 w 


1617 sh 


2750 sh 


2949 sh 


3013 
3023 


376+929 = 1305 A’? 


596+755= 1351 A”, or 256+1096= 1352 A’? 
A’ fundamental 

CH;— CHF» impurity, or 256+1164= 1420 A” 
A’ and A” fundamentals 


376+ 1096= 1472 A’ 
376+1124=1500 A’ 
434+ 1096= 1530 A’ 


434+1124=1558 A’ 
398+1164= 1562 A’ 


229+ 1385 = 1614 A’’? or impurity 


596+ 1096= 1692 A’ 
256+ 1443 = 1699 


596+1124=1720 A’ 
295+ 1443 = 1738 


755+1096= 1851 A’’, or 2X929=1858 A’ 
755+1164=1919 4’ 

596+1385= 1981 A’ 

596+ 1443 = 2039 

929+1124=2053 A’ 

929+ 1164= 2093 A” 

755+1385=2140 A” 


755+1443 = 2198 
1096+ 1124=2220 A’ 
2X 1124=2248 A’? 


1096+-1164= 2260 A”, or 1124+4+1164= 2288 A” 
929+ 1385 = 2314 A’ 


1124+1385=2509 A’ 
1164+-1385=2549 A” 
1164+ 1443 = 2607 


2X 1385=2770 A’ 
1385+ 1443 = 2828 
2X 1443 = 2886 A’ 


A’ fundamental 


A’ and A” fundamentals 

Impurity? 

229-+-2959 = 3188 A’? 
256+3021=3277 or 295+3021=3316 
376+3021 = 3397 

596+3021=3617 


1096+2959=4055 A’ 
1096+3021=4117 


1385 or 1443+2959= 4344 or 4402 
1385 or 1443+3021=4406 or 4464 















10 A” 


188 A” 





FLUORINATED ETHANE SPECTRA 


TABLE IV. Infrared and Raman spectra of CH3—CC\s. 











Infrared Raman (liquid) 
Gas Liquid Relative 
em! cm. cm~! intensity Depolarization Interpretation*® 
241 42 (0.82) E fundamental 
301 0.3 E fundamental? 
344 vs> 344 47 (0.49) A, fundamental 
~ 411 w> (2X 205=410 A,?) 
482 vw ~ 483 vw, b 480 0.6 (2X 241=482; Ai+£) 
~ 495 (205+301=506 E?) 
516 
519 
~ 524 
526 s, sh 524s 523 60 (<0.1) A, fundamental 
~ 527 
~ 533 
548 m, sh ~ 541 vw 540 d vw (241+301=542; Ai +A2+E£) 
~ 556 
565 m, sh 1089—526=563 E? 
~ 576 
~ 588 w 587 vw (241+344=585; E) 
~ 621 vw (2X 301=602 A;) 
~ 632 vw (301+344=645 E) 
~ 662 
~ 686 
690 ~ 690 (2X 344=688 A) 
~ 725 vs, b ~ 713 vs, b 712d 21 (0.87) E fundamental 
~ 749 
755 Impurity? 
~ 760 
763 m, sh ~ 763 m, b 757 vVvw (241+523=764 E) 
767 m, sh 
~ 773 1075— (301) =774 E? 
779 1089— (301) =788; Ai+A2+E 
796 m ~ 790 m CCl, impurity 
~ 806 w, b 
~ 819 w, b 
~ 835 vw ~ 829 w (301) +526=827 E or 1075— (241) =834 E 
~ 843 vw 1089— (241) = 848; A:+A2+E(?) 
864 
868 w, sh 867 w 344+526=870 A; 
872 w, sh 
~ 876 883 vw 1089— (205) = 884 E? 
~ 926 vvw (205) +725=930 E 
~ 952 
962 w ~ 951 w, b (241) +725=966; Ai+A2+E 
~ 971 
~ 997 
~1003 
1010 m ~1005 m, b (301)-+725=1026; A1+A2t+E; (301+713=1014) 
1016 m 
~1040 1383— (344) =1039E? 
~1046 2X 526= 1052 A;? 
1075 vs ~1071 1069 7 (0.6) A, fundamental? 
1089 vs, sh 1086 vs, sh 1083 5 (0.86) E fundamental 
1096 vs ~1100 1427— (344) =1083 E 
~1149 vvw 1383— (241) =1142 E 
~1190 vvw 1427— (241) =1186; Ai+A2+E 
~1227 
1236 m, sh 1232 m, sh 526+725=1251 E (523+712=1235) 
1242 m, sh 
~1282 
1290 1290 w, sh (205) +1089 = 1294 E? 
1299 
~1309 
ad 1309 w, sh (241) +1075=1316 E£ (241+1071= 1312) 
~1337 
1376 
1383 m, sh 1379 s, sh 1381 sh 2 (0.4) A, fundamental 


1391 








* Values enclosed in parentheses are for the liquid state. 


Observed with KRS-5 prism. 
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TABLE IV.—(Continued). 











Infrared Raman (liquid) 


Gas 
em~! 


Liquid 
cm~ 


Relative 
intensity Depolarization 


Interpretation® 





~1418 

1427 m, sh 
~1439 
~1445 

1456 m, sh 
~1462 

1504 vvw 

1575 vvw 
~1667 

1695 vvw 
~1709 
~1718 


1733 vvw, sh 
1745 vvw, sh 


~1751 


~1795 vw 

1832 vvw 

1910 vw 

1919 
~2110 

2114 
~2128 
~2132 

2137 w, sh 
~2141 
~2155 

2179 
~2336 vvw 
~2364 vvw 
~2445 

2451 w, sh 

2460 

2509 
~2538 


-~2660 
2670 vvw 


2755 vvw 


~2809 
~2825 

2829 

2837 
~2857 

2874 
~2899 

2946 

2954 w, sh 

2963 
~3008 

3017 m, sh 
~3021 


3175 vw 

3247 w, sh 
3289 w, sh 
3356 w, sh 


1420 m 


1447 m, sh 


~1600 vvw 
~1653 vvw 


1721 w 


1779 w 


1898 vw 


2092 


2128 w, sh 


2445 m, sh 
2460 m 
2500 vw, sh 
2525 vw, sh 
2597 vw, sh 


2660 vw, sh 
~2695 

2740 vw, sh 

2762 vw, sh 
~2801 


2825 w, sh ° 


2857 
2882 


2941 w, sh 


3003 m, sh 


~3077 
3175 w, sh 
3247 w, sh 
3289 w, sh 
3344 w, sh 
3460 vw 
3584 vw 
3636 vvw 
3704 vw 
3774 vw 
r~~3922 
4016 w, sh 


4065 w, sh . 


4367 
4425 w, sh 


4651 vvw 


5 


~1730 


1790 vd 


2741 sh 


100 


48 


tt fundamental and (oe tas 1424 
2X 725= 1450; Ai+Z£ \and £ fundamental) 


526+ 1075=1601 Ai 
(241) +1427 = 1668; Ai+A2+E 
(241) +1456= 1697; A1+A2+E 


(344) +1383=1727 A: 

(301) +1427 =1728; Ai+£ 

(301) +1456=1757; Ai+A2tE 

(344+ 1427=1771 E£) 

(344+ 1447 =1791 EZ) or 7254+1075=1800 E 
725+1089= 1814; Ai+E 


526+ 1383 = 1909 A; 


725+1383=2108 E 
725+1427 =2152 (712+1423=2135); Ait A2+E 


725+1456= 2181 A1+£E? 
CO, impurity (air) 


1075+ 1383 = 2458 E 
1089+-1383 = 2472 E 


1089+-1427 =2516; Ai+A2+E 
1089+-1456= 2545 (1083+-1447 = 2530) ; Ai+As+E 
(2941—344= 2597 A;) 


3017 — (344) = 2673 E (3003—344= 2659) 
(2941 —241=2700 E£) 


2X 1383= 2766 Ai 

(3003—241=2762); Ai+A2+E 
1383+ 1427 = 2810 E (1379+ 1420=2799) 
3017 — (205) = 2812 E? 


1383-+1456=2839 E (1379+1447 = 2826) 
2X 1427 =2854; A, +E (2X 1423 = 2846) 
(2X 1447 =2894; A,+E) 


A, fundamental 
E fundamental 


(241) +2954=3195 E (24142941 =3182) 
(301+2941 =3242 E) 

(344) +2954= 3298 A; (34442941 =3285) 
(344) +3017 =3361 E (344+3003 = 3347) 
526+2954= 3480 A; (52442941 = 3465) 


(7134-2941 =3654) E 
(713+3003 = 3713); Ait+A2+E 


1075+2954=4029 A (1071+2941=4012) 
1075+3017 = 4092 E (1071+3003=4074) 
1427+2954=4381 E (1420+2941 =4361) 
1427+3017 =4444; Ai+A2t+E (1420+3003 = 4423) 
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Fic. 2. The fundamental vibration frequencies of CH;— CF3, CH;— CF.Cl, CH;— CFCl:, and CH3— CCls. 


data are presented{ contained water vapor, a trace of 
CH;— CH2F, and about 0.3 percent CH;— CHF», each 
of which accounts for some impurity absorption. The 
other sample contained these same impurities (except 
for water) plus small concentrations of CH3—CFCl, 
and CH3;— CFs. It was studied in the Raman effect as a 
liquid. Nothing is known about the purity of the sample 
of CHs—CFCls,§ but some evidence of CH3;—CF-.Cl, 
CH;-CHF2, CH;—CH2F, and other contaminants 
were found in the spectra. 

The CH3;— CCl; was obtained from Eastman Kodak 
Company and was purified by careful fractional dis- 
tillation|| prior to use. It is thought that at least some 
of the absorption at 796 cm is due to CCl, impurity 
that was not removed because of azeotrope formation. 


RESULTS 


The infrared spectra from 2 to 22 w of CH3;—CF-Cl 
and CH3;—CFCl. gases, and of both liquid and vapor 
CH;—CCl3, are shown in Fig. 1. The positions and 
descriptions of all bands, including those observed with 
KRS-5 prism and in the Raman effect, are listed in 
Tables II-IV. The abbreviations v very, s strong, m 
medium, w weak, sh sharp, b broad, and d diffuse are 
used throughout the tables. The intensities of the 
Raman bands were measured by photographic micro- 
photometry relative to the strongest band in each spec- 
tum. Depolarization ratios for the stronger Raman 
bands observed for the liquids are enclosed in pa- 
tentheses. 





}This sample was kindly supplied by the General Chemical 
Division, Allied Chemical Company (Laurel Hill Laboratory). 

§ This sample was kindly supplied by the Jackson Laboratory, 

-I. duPont de Nemours & Company. 
_ || This distillation was kindly performed by Robert Roe, Chem- 
tty Division, Naval Research Laboratory, using a 1-meter 
facketed column of 16-mm bore, packed with 3-in. glass helices 
and having an efficiency equivalent to approximately 50 theo- 
retical plates. The take-off rate was about four drops per minute. 

¢ fraction used was one of several taken off at 74.2°C. 


INTERPRETATIONS 
1. CH;—CF; 


The fundamental frequencies are known from our 
previous results for this molecule ;* their positions are 
indicated in Fig. 2, where solid lines denote infrared 
bands, broken lines denote Raman bands (coincident 
infrared and Raman bands are indicated by slightly 
separated lines), and dotted lines denote frequencies 
derived from overtones or combinations, but not ob- 
served directly. The relative intensities of the bands 
are indicated by the heights of the vertical lines. The 
lowest E fundamental, previously observed only as a 
weak, diffuse Raman band at 365 cm™, has now been 
observed with KRS-5 prism as a strong, partially re- 
solved infrared band with Q branch at 367 cm™. The 
fundamentals assigned recently by Cowan, Herzberg 
and Sinha‘ are identical with those given here, except 
for interchange of species for 541 and 602 cm“. 


2. CH;—CF.Cl 


Upon passing from CH3—CF; to CH3;—CF;Cl each 
of the degenerate vibrations splits into two components 
to give a total of eighteen fundamentals, all active in 
both infrared and Raman effect and differing appreci- 
ably only with respect to polarization, the latter de- 
pending upon their symmetry with respect to the sym- 
metry plane of the molecule. The relationships of the 
position, intensity and polarization of the observed 
bands to those of the related spectra shown in Fig. 2 
are therefore the most useful guides in the selection of 
fundamentals. 

The methy] stretching and deformation fundamentals 
are readily identified with the bands at 2965 and 3035 
cm and at 1395 and 1447 cm™. The higher band in 
each case represents a superposition of A’ and A” 


6 Cowan, Herzberg, and Sinha, J. Chem. Phys. 18, 1538 (1950). 
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fundamentals which fail to split apart because of con- 
finement of these vibrations to the methyl group, which 
has higher internal symmetry than the molecule. 

There appears in the region from 1100 to 1250 cm™ 
a group of at least five bands that can represent no 
more than three fundamentals, two of which should 
be polarized in the Raman effect. These fundamentals 
involve C—F stretching and methyl rocking, and may 
be expected to produce intense absorption. The ap- 
pearance of more than three strong infrared bands sug- 
gests the occurrence of Fermi resonance. The bands at 
1101 and 1134 cm“, which are nearly equally intense in 
both spectra and are polarized in the Raman effect, 
are therefore attributed to a coincidence of an A’ 
fundamental with the combination 437+683=1120 
cm™ of the same species. The intense infrared maxima 
at 1190 and 1202 cm must also represent a funda- 
mental, which is assumed to have species A” and to 
account for the faint Raman band at 1202 cm™. 
Whether or not a Raman band occurs at 1190 cm“ is 
uncertain because of overlapping with the intense band 
at 2956 cm™ excited by the 4047A Hg line. The other A’ 
fundamental is assigned the value 1230 cm“, which is 
observed in both spectra, and the remaining band at 
1210 cm™ is interpreted as a combination of species 
A’ whose intensity is enhanced by its proximity to the 
1230 cm™ fundamental. An alternative interpretation, 
equally satisfactory with respect to the correlations of 
Fig. 2, would be the assignment of 1101 and 1134 cm™ 
to the two A’ fundamentals, 1196 cm to the A” 
fundamental and both 1210 and 1230 cm™ to binary 
combinations, the higher of which having the correct 
species for resonance with the A” fundamental. 

All but two of the remaining fundamentals are 
readily identified by their relationship to the corre- 
sponding fundamentals in CH;—CF;. That at 967 
cm is predominantly a methyl rocking mode, while 
that at 904 cm™ is primarily C—C stretching. The 
C—Cl stretching vibration occurs at 683 cm™, CF» 
deformation at 543 cm™, and the fundamentals in- 
volving rocking of the CF,Cl group against the methy] 
carbon appear at 305 and 334 cm™. 

The A’ fundamental corresponding to the degenerate 
CF; deformation in CH3;—CFs3 occurs in CH;—CF;Cl 
vapor as an intense, polarized Raman band at 437 cm“, 
but the A’”’ component is not assigned with certainty. 
It is identified here with the faint Raman band at 526 
cm~, for which no alternative interpretation could be 
found. However, it might conceivably be the weak 
infrared band near 475 cm™, or the Raman band at 
430 cm. The latter is attributed to the same origin as 
the A’ fundamental at 437 cm“, the displacement being 
due to the presence of Cls7 isotope. The appearance of 
this band indicates that it is polarized as is the band at 
437 cm. The relative intensities and separation of 
these bands are approximately correct for this in- 
terpretation. They were not resolved in the infrared. 

The last fundamental, a torsional vibration, may be 
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expected to fall between 238 and 205 cm™, the wave 
numbers of the corresponding vibrations in CH;—CF, 
and CH;—CCl;. The only basis for its assignment is 
the faint and uncertain infrared band near 475 cm”, 
This is tentatively interpreted as the overtone, yielding 
a value of approximately 238 cm™ for the torsional 
mode. 

Most of the remaining bands are readily interpreted 
as binary combinations, or as impurity bands (see 
Table II). Some difficulty was experienced in deciding 
whether certain of the infrared frequencies represented 
resolved rotational structure, particularly in the region 
near 1200 cm~. The infrared spectrum of the liquid 
would be of help in this connection. 


3. CH;—CFC1l, 


The number and positions of the strong infrared and 
Raman bands observed for CH3—CFCl, fall so nicely 
into the pattern of Fig. 2 as to leave little doubt about 
the assignment of fundamentals. The asymmetric 
stretching fundamental of the methyl group in this 
case apparently splits into two components that are 
only partially resolved in either spectrum. 

The fundamentals at 1096 and 1123 cm™ are po- 
larized in the Raman effect, and therefore represent 
C—F stretching and symmetrical rocking of the methy! 
group. The other methyl rocking mode occurs at 1164 
cm. The two fundamentals at 929 and 745 cm™ in- 
volve C—C and C—Cl stretching, and the low sym- 
metric C—C] stretching occurs at 596 cm“. 

The five Raman bands at 432, 398, 376, 295, and 256 
cm™ are readily identified with the fundamentals in- 
volving skeletal deformations, but the low torsional 
fundamental is not observed in the Raman effect, and 
is below the range of the infrared measurements. It is 
assumed to be at 229 cm-, its overtone accounting for 
the infrared band at 459 cm~. As in the previous con- 
pound, nearly all of the remaining bands are satis- 
factorily explained as binary combinations of these 
fundamentals (see Table III). 


4. CH;—CCl; 


Methyl chloroform has been investigated several 
times, most recently by Venkateswarlu’ and by El 
Sabban, Meister, and Cleveland.* The latter author & 
summarize previous work and give detailed interpreta- 
tions for all observed infrared and Raman bands, it- 
cluding those obtained in this investigation. 

The assignment of fundamental frequencies pro 
posed here is shown in Fig. 2, and interpretations of the 
observed infrared and Raman bands are given in the 
last column of Table IV. It is assumed that CH;-CCh 
has the symmetry C3. 

Four of the five A; fundamentals can be assigned 


7P. Venkateswarlu, J. Chem. Phys. 19, 298 (1951). = 
8 El-Sabban, Meister, and Cleveland, J. Chem. Phys. 19, & 
(1951). 
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| with certainty. They occur at 2954, 1383, 526, and 344 


cm in the infrared spectrum of the vapor and as 
highly polarized bands in the Raman effect. Similarly, 
all but one of the six degenerate fundamentals are 
readily identified with bands at 3017, 1089, 725, and 
241 cm, and with the pair at 1427 and 1456 cm™. 
The splitting of the latter is undoubtedly caused by 
resonance with a combination, here assumed to be the 
overtone 2X725= 1450 cm (A;+£). 

The remaining three fundamentals cannot be as- 
signed with certainty, and it is in respect to these that 
previous assignments differ among themselves and with 
that proposed here. The C—C stretching vibration of 
Species A; has been identified by Venkateswarlu with 
the infrared band at 867 cm™, and by El-Sabban e¢ al. 
with the infrared band near 1005 cm“. The former ap- 
pears to be unusually low, and neither has been observed 
in the Raman effect. Since alternative explanations can 
be given for each of these bands, we prefer to identify 
this fundamental with the Ramen band at 1069 cm“, 
which is not easily explained otherwise because of its 
polarization. The corresponding infrared band occurs 
at 1075 cm™ in the vapor. 

The uncertain E fundamental involves an asymmetric 
deformation of the CCl; group and may be expected 
near the corresponding A, vibration at 344 cm™. The 
value 526 cm assigned by Venkateswarlu is unaccept- 
able because of the polarization of that band, and the 
frequency 363 cm™ given by El-Sabban et al. has been 
observed neither in the infrared nor in the Raman effect. 
The value 363 cm™ could be acceptable as far as the 
correlations of Fig. 2 go, but since it has not been ob- 
served it appears preferable to identify this fundamental 
with the very weak Raman band at 301 cm. This 
band has been observed previously®” and is not easily 
explained otherwise, unless as caused by an impurity 
present in all of the samples studied. El-Sabban e al. 
have interpreted it as the combination 1005—713= 292 
cm (Z), but the numerical agreement is poor for a 
difference band, and the Boltzmann factor for the initial 
state would be extremely low. 

The third uncertain fundamental is the inactive tor- 
sional vibration of species A». The weak infrared band at 
411 cm is assumed to be the overtone of this funda- 
mental giving for the latter a value of approximately 
205 cm—!, Since the band at 301 cm™! was not observed 
in the infrared, the intensity of 411 cm™ is too great 
lor this band to be interpreted as the difference 713 
~301=412 cm— (A;+A2+£). Allowed combinations 
of the torsional vibration at 205 cm™ account for two 
other infrared bands (at 926 and 1290 cm-) not other- 
wise explained. That at 1290 cm- is one of three bands 
assumed by Karplus and Halford" to be active only in 
condensed states, but has been observed here also in 


the vapor. 
es 
i Kohlrausch and Koppl, Monatshefte 65, 185 (1935). 
‘ J. Wagner, Z. rey Chem. B45, 341 (1940). 
R. Karplus and R. S. Halford, J. Chem. Phys. 18, 910 (1950). 
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Binary combinations of the assigned fundamentals 
account satisfactorily for most of the remaining maxima 
(see Table IV) which are observed for the liquid, and 
which therefore represent separate vibrational transi- 
tions. Many additional or alternative interpretations 
involving ternary combinations can be found, but they 
are not very useful for fixing the fundamentals. The 
infrared maximum at 796 cm™ in the vapor is consider- 
ably stronger in the present sample than in one studied 
previously” and is caused at least in part by an im- 
purity, believed to be carbon tetrachloride, which could 
not be removed by fractional distillation because of 
azeotrope formation. The vapor maximum at 755 cm™ 
also appears to be stronger than in the previous spec- 
trum and may be due to an impurity. 


DISCUSSION 


The correlation lines in Fig. 2 are drawn according to 
the vibrational species of the fundamentals. Solid and 
broken lines denote totally symmetric and asymmetric 
vibrations, respectively, and crossings of lines connect- 
ing the same pair of species may not occur. Because of 
this restriction, these correlations are more useful than 
those based on molecular groups. In addition, the latter 
are usually not as smooth and become ambiguous in 
cases where two or more groups participate nearly 
equally in the vibration. 

As shown in Fig. 2, only vibrations involving C—H 
stretching, methyl deformation, and torsion maintain 
their identity throughout this group of spectra. They 
are remarkably constant and may be properly regarded 
as “group frequencies.” As chlorine is substituted into 
the CF; group, the rocking and deformation vibrations 
associated with this group change progressively into 
those of the CCl; group, and to a rough approximation 
these vibrations may also be considered as “group fre- 
quencies.” For the remaining fundamental vibrations, 
however, the motion changes completely with respect 
to the group involved. Thus, upon passing from CH; 
—CF; to CHs—CCls, the two C—F stretching vibra- 
tions become C—C stretching and methyl] rocking, the 
fundamental associated with CH; rocking in CH3;—CF; 
assume progressively the character of C—C stretching 
and finally C—Cl stretching, and the C—C stretching 
becomes C—Cl stretching. Particularly in the inter- 
mediate, less symmetrical compounds these “group 
frequencies” lose their meaning, and assignment of 
fundamentals based upon them tends to become 
ambiguous. 

The over-all consistency of the correlations in Fig. 2 
strongly supports the spectral assignments both for the 
two symmetrical compounds (which served as starting 
points for the correlations) and for the two inter- 
mediates. As mentioned previously, there are a few 
uncertainties which could not be resolved by considera- 
tion of either individual spectra or of correlations. These 


2A. P. I. Project 44 Catalogue of Infrared Spectral Data, Ser. 
No. 1032 and 1033. 
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TABLE V. Calculated thermodynamic functions for CHs—CFs 
at one atmosphere (in cal/deg mole). 














H°—H)° —(F° —Ho°) 
: Cp® So T 

T =250°K 
Trans-+-Rot 7.95 7.95 60.69 52.74 
Vib 2.17 6.65 2.97 0.80 
Tors 1.00 1.94 1.61 0.61 
Total 11.12 16.54 65.27 54.15 
' T =298°K 
Trans+ Rot 7.95 7.95 62.08 54.13 
Vib 3.06 8.66 4.31 1.26 
Tors 1.17 2.08 1.97 0.81 
Total 12.18 18.69 68.36 56.20 

T =400°K 
Trans+ Rot 7.95 7.95 64.42 56.47 
Vib 5.00 12.62 7.43 2.43 
Tors 1.42 2.20 2.60 1.18 
Total 14.37 22.77 74.45 60.08 

T =600°K 
Trans+Rot 7.95 795 67.64 —- 59.69 
Vib 8.59 18.51 13.74 5.15 
Tors 1.66 2.05 3.47 1.81 
Total 18.20 28.51 84.85 66.65 








involve the species of the fundamentals at 541 and 605 
cm in CH;—CFs, the assignment of 526 and 1230 
cm as fundamentals for CH;—CF,Cl, the assign- 
ments of 301 cm (£) and 1075 (A;) in CH3;—CCl, 
and the position of the low torsional fundamental in 
each compound, except possibly CH;— CF; for which 
the same value has been derived from both infrared 
and microwave measurements.°® 

It is of interest that the methyl deformation vibra- 
tions in this group of compounds suffer the smallest 
shifts and exhibit the following empirical facts: 


(1) For neither of the two compounds of symmetry C, 
are the A’ and A” components of asymmetrical methyl 
deformation separated. However, for both compounds 
the measured depolarization ratio is somewhat smaller 
than 6/7 (0.7 for CH3;CF.2Cl and 0.8 for CH3;— CFCl.). 

(2) In the infrared, the intensity of the asymmetrical 
deformation is for all four compounds considerably 
lower than that of the symmetrical deformation. In 
the Raman effect, on the other hand, the relative in- 
tensities are reversed. 

(3) For all four compounds, the overtone of the sym- 
metrical deformation is much more intense in the 
Raman effect than the fundamental. Thus, for gaseous 
CH;—CF; only the overtone was observed; for CH; 
—CF.Cl, CH3— CFCl2, and CH;— CC]; the ratio of the 
intensities is approximately 6:1, 4:1, and 3:1, re- 
spectively. In the infrared, on the other hand, the 
overtone is far less intense than the fundamental for 
all of the compounds. 

(4) For all four compounds the wave number of the 
overtone of the symmetrical deformation is about 20 
cm~! less than twice the wave number of the funda- 
mental. This must be caused by anharmonicity and 


NIELSEN, 


SMITH, AND LIANG 





coupling with totally symmetric levels in the 3000. 
cm~ region. 


If these regularities exist in other compounds con- 
taining methyl groups, as a preliminary survey indi- 
cates, they are of some practical importance and present 
an interesting theoretical problem. 

Another problem is posed by the suggestion of 
Cowan, ef al.® that the splitting of the Q branch of the 
degenerate methyl rocking fundamental at 970 cm” 
in CH;— CF; arises from interaction with the torsional 
vibration. The branch consists of three components of 
nearly equal intensity at 965, 967, and 973 cm™.® The 
fundamental near 605 cm™ has a similar Q branch, 
with maxima at 600, 602, and 605 cm™, and there are 
also splittings of from 3 to 5 cm™ in what appear to be 
the Q branches of other bands near 541, 1086, 1030, 
and 1005 cm in CH;—CF;.°® In the spectra presented 
here (see Fig. 1) there is also evidence of small splittings 
in some of the Q branches, particularly of the bands at 
967, 904, 847, and 683 cm™ in CH;—CF;Cl, at 929, 
795, and 755 cm™ in CH3;—CFCls, and at 725 and 525 
cm in CH;—CCl;. The splitting can in some cases 
be attributed to combinations, to “upper stage”’ bands, 
or perhaps to effects arising from symmetry considera- 
tions alone, but the occurrence seems too frequent for 
dismissal of other possible causes. Measurements with 
higher resolution and more detailed consideration of 
the effect suggested by Cowan et al. seem desirable. 


THERMODYNAMIC FUNCTIONS 


The heat capacity, entropy, free energy function, 
and heat content function have been calculated previ- 
ously’ for CH3;—CF3. Revised data for this molecule 
are presented in Table V. Corrections have been made 


TaBLeE VI. Calculated thermodynamic functions for CH;—CF:C 
at one atmosphere (in cal/deg mole). 














H® —H° —(F° —Ho) 
= Cp® So ri 
T =264.15°K(b.p.) 
Trans+ Rot 7.95 7.95 65.01 57.06 
Vib 3.01 8.32 4.28 1.27 
Tors 1.05 2.05 , Of 0.67 
Total 12.01 18.32 71.01 59.00 
T =298°K 
Trans+ Rot 7.95 7.95 65.97 58.03 
Vib 3.70 9.72 5.37 1.67 
Tors 1.16 2.08 1.97 0.81 
Total 12.81 19.75 73.31 60.51 
T =400°K 
Trans+ Rot 7.95 7.95 68.31 60.36 
Vib 5.74 13.57 8.78 3.05 
Tors 1.42 2.20 2.59 1.18 
Total 15.11 23.72 79.68 64.59 
T =600°K 
Trans+Rot 7.95 7.95 71.53 63.58 
Vib 9.35 19.15 15.43 6.08 
Tors 1.66 2.06 3.47 1.81 
Total 18.96 29.16 90.43 71.47 
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for computational errors in the original calculation re- 
cently discovered, and a more reliable method has been 
used to estimate the height of the barrier hindering in- 
ternal rotation. New data for the molecules CH; 
—CF.Cl, CHs—CFCle, and CH;— CCl; are presented 
in Tables VI, VII, and VIII. In each table the transla- 
tional-rotational, vibrational, and torsional (hindered 
rotational) contributions are listed separately and then 
summed. 

The equations and tables of Hougen and Watson™ 
were used to obtain all contributions except that in- 
volving hindered rotation, which was computed from 
the tables of Pitzer and Gwinn.“ The molecular con- 
stants used in these calculations are listed in Table IX. 

Reduced moments of inertia for the internal rotation 
were calculated from the formula J,=J,J2/(I;+J2), 
where J; and J, are the moments of the two groups 
about the C—C bond axis. The result is only an ap- 
proximation for CH;—CF:2Cl and for CH3—CFCl., 
neither of which has an axis of symmetry. An exact 
calculation showed that the approximation is good to 
within one part in 500 for CH3;—CF;Cl. Obviously an 
exact calculation for CHs;—CFCl, is not required. 

The values of Vo, the height of the cosine barrier 
restricting internal rotation, were calculated by a 
graphical procedure from the appropriate rotational 
energy levels, i.e., from the eigenvalues a, of the Mathieu 
equation tabulated by Wilson.!® The differences in a, 
between the first and second levels and between the 
first and third levels were found from Wilson’s table, 
for values of 6 from 0 to 40. Plots of ag—a, and a3—a, 
were made against @. From the torsional frequency we 
deduced from the analysis of the spectra a value of 
Aa, was calculated using the relation 


Aa,= 327°I ,cw/n*h, 


TaBLE VII. Calculated thermodynamic functions for CH;— CFC], 
at one atmosphere (in cal/deg mole). 

















H® —Ho° —(F° —Ho") 
T Cp® So T 
T =305.15°K(b.p.) 
Trans+ Rot 7.95 7.95 67.54 59.60 
Vib 4.82 11.40 7.31 2.49 
Tors 1.23 212 rE he 0.88 
Total 14.00 21.47 77.00 62.97 
T =400°K 
Trans+ Rot 7.95 7.95 69.69 61.75 
Vib 6.79 14.73 10.84 4.06 
Tors 1.45 2.20 2.69 1.24 
Total 16.19 24.88 83.22 67.05 
T =600°K 
Trans+ Rot 7.95 7.95 72.91 64.97 
Vib 10.36 19.92 17.87 151 
Tors 1.67 1.98 3.54 1.87 
Total 19.98 29.85 94.32 74.35 
a 


 Hougen and Watson, Chemical Process Principles (John Wiley 
and Sons, Inc., New York, 1947), Part II, Chapter XVII. 
* Pitzer and Gwinn, J. Chem. Phys. 10, 429 (1942). 
“ E. B. Wilson, Jr., Chem. Revs. 27, 17 (1940). 


TABLE VIII. Calculated thermodynamic functions for CH;— CCl; 
at one atmosphere (in cal/deg mole). 











H° —H —(F° — Ho) 
T Cp® So ¥ 
T =298°K 
Trans+ Rot 7.95 7.95 66.26 58.32 
Vib 5.71 12.42 9.00 3.29 
Tors 1.28 2.15 2.22 0.95 
Total 14.94 22.52 77.48 62.56 
T =347.3°K(b.p.) 
Trans+ Rot 7.95 7.95 67.49 59.54 
Vib 6.79 14.12 11.03 4.24 
Tors 1.40 2.17 2.56 1.14 
Total 16.14 22.24 81.07 64.92 
T =400°K 
Trans+Rot 7.95 7.95 68.60 60.66 
Vib 7.87 15.78 13.14 5.28 
Tors 1.50 A 2.85 1.35 
Total 17.32 25.88 84.59 67.29 
T =600°K 
Trans+ Rot 7.95 7.95 71.82 63.88 
Vib 11.35 20.58 20.52 9.16 
Tors 1.68 1.89 3.68 2.01 
Total 20.98 30.42 96.02 75.05 








where J, is the reduced moment of inertia of the top, 
h is Planck’s constant, ¢ is the velocity of light, and 
n=3 is the number of maxima in the assumed cosine 
potential function for one revolution. If w is the funda- 
mental, Aa, is d2—4a; if w is the first overtone, Aa, is 
a3— ;. From the graph of Aa, against 0, the value of 6 
corresponding to the Aa, calculated for each molecule 
was determined. Then Vo was calculated from the 
equation 6= 87°I,Vo/n?h’. 

The reliability of the V» values (see Table IX) de- 
pends mainly on the validity of the torsional frequencies 
derived from the experimental data. Some error may of 
course be introduced through assumption of the cosine 
type potential, but this is generally considered to be 
small. There is an additional uncertainty of approxi- 
mately 10 cal/mole in the graphical procedure. 

The method used here to obtain V> is essentially the 
inverse of that used by El-Sabban, Meister, and Cleve- 
land® in calculating a torsional frequency of 205 cm=! 
from a barrier height of 2840 cal/mole for CH3;— CCl). 
Their frequency accidentally coincides with the ap- 
proximate value (see Table IV) deduced from the ob- 
served overtone at 411 cm™ when anharmonicity is 
neglected. Our higher value (3045 cal/mole) for the 
barrier was obtained from the observed frequency at 
411 cm™ (using the curve for Aa,=a3— a), and corre- 
sponds to a value of 213 cm™, rather than 205 cm™, 
for the fundamental. The barriers for the other mole- 
cules, derived from the fundamental frequencies tenta- 
tively assigned, are higher than was anticipated. As 
will be shown in a later paper, however, application of 
the same procedure to ethane yields a barrier height 
compatible with calorimetric data. 





TABLE IX. Molecular constants. 
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CH; CH; 
CH:—CF; —CF:Cl —CFClz CHs—CCls 





Molecule 
Dimensions 
C—H (A) 1.09 1.09 1.09 1.09 
C—C (A) 1.458 1.54 1.54 1.54 
C—F (A) 1,338 1.37> 1.40° see 
C—Cl (A) eee 1.77> 1.78° 1.76° 
ZHCH 109°28’ 109°28’ 109°28’ 109°28’ 
ZCCF se 111° 1094°° ** 
Pst a | see 111° 111° 110° 
ZFCF 1084° 108° ee eee 
ZCICCI ee eee 109}° 109° 
Tal plc X10" (g3 cm) 0.365 1.18 3.02 6.14 
o (=symmetry number) 3 1 1 
Ir X10° (g-cm?) $.1 5.19 $.23 5.25 
Torsional frequency (cm=!) 238 238 229 411 (overtone) 
Vo (cal/mole) 3660 3705 3470 3045 








8 From L. O. Brockway and R. L. Livingston, Abstracts, Am. Chem. Soc. 
Meeting, Buffalo, New York, 1942. 

b See P. W. Allen and L. E. Sutton, Acta Cryst. 3, 46 (1950): 
( PN J. Y. Beach and D. P. Stevenson, J. Am. Chem. Soc. 61, 2643 
1 A 


For comparison with the calculated thermodynamic 
functions there are available the calorimetric measure- 





ments of Russell, Golding, and Yost'® on CH3;—CF,, 
and of Rubin, Levedahl, and Yost!” on CH;—CCl,, 





The former authors obtain for CH;—CF; the value 
63.95+0.10 cal/deg mole for the entropy of the idea 
gas at 224.40°K and 0.9330 atmosphere, whereas th 
present calculations yield a slightly lower value o 
63.65 cal/deg mole. For CH;—CCl;, the calorimetric 
value S°=76.22+0.16 cal/deg mole at 286.53°K was 
obtained, as compared to a higher value of 76.57 cal/deg 
mole calculated from the present spectroscopic data. 
If the uncertainty attached to the calorimetric value is 
correct, assignment of a higher frequency to one of the 
three uncertain fundamentals is indicated. No calori- 
metric data for CH;—CF.Cl or CH3;—CFCl, in the 
vapor state were found for comparison with the present 
results. 

16 Russell, Golding, and Yost, J. Am. Chem. Soc. 66, 16 (1944). 


17 Rubin, Levedahl, and Yost, J. Am. Chem. Soc. 66, 279 
(1944). 
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The yields of the various organic radiobromides formed by 
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careful purification of the propyl bromides has given good repro- 
ducibility and evidence that the main features of the hot atom 
chemistry of the propyl bromides have been discovered. 

The solidification at the melting point results in a threefold or 
larger increase in yield of certain products, presumably those 
formed by epithermal bromine atoms, and a smaller increase for 
the remainder of the products, such as the mother molecule, 
presumably formed by hot reactions. Isomerization of isopropyl] to 
n-propyl appears to occur with high probability in epithermal 
reactions. The epithermal production of bromides of considerably 


higher boiling point than the mother molecule has been confirmed 
and the phenomenon discussed theoretically. 

Apparently the retentions in the solid phase depend on energy of 
the recoil bromine, 36-hr Br® showing 93 percent retention in solid 
n-propyl] vs 80 percent for the 18-min and 4.4-hr Br*®”’s. This is in 
contrast to the liquid retentions in which no difference has been 
observed. On this basis it is concluded that the average recoil 
energy of the 36-hr Br® is less than those of the two Br® isomers 
and that the latter two differ relatively little. 

The theoretical implications of the observed product distribu- 
tions and the phase effect on these distributions and the sensitivity 
to recoil energy are discussed. 





I, INTRODUCTION 


WO principal sources of doubt have plagued the 
field of the hot atom chemistry of the organic 
halides since the discovery of the Szilard-Chalmers 
effect! in 1934. One of these is the possibility that non- 
radioactive radicals generated by the radiation de- 
composition of the target substances seriously affect the 
chemical fate of the radioactive halogen atoms ejected 
by the (7, y) recoil process. This apparently has been 
rather satisfactorily excluded in many cases by estab- 
lishing independence of the thickness of gamma-ray 
shielding placed around the organic halide during the 
exposure to neutrons. The other principal difficulty has 
consisted of the possibility that the radioactive halogen 
atoms might react thermally after losing their initial 
high energies by collisional deceleration. The thermal 
reactions with the organic halides which could result in 
the transfer of radiohalogen from inorganic to organic 
form and so raise the “retention” are of the exchange 
type. In most cases proper tests preliminary to the hot 
atom studies have been made which fairly satisfactorily 
excluded this type of effect. The second type of thermal 
teaction—the whole group of possible reactions with 
minor impurities present in the system—has been much 
more difficult to control. 
Recently evidence of a commanding character®* has 
accumulated which strongly suggests that many of the 
data on retentions in the organic halides may be seri- 





*Irradiations performed on the 36-in. cyclotron, supported by 
AEC Contract No. AT(11-1)-86. 

t Presented in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, Division of Physical Sciences, 
University of Chicago. 

1L. Szilard and T. A. Chalmers, Nature 134, 462 (1934). 
tee ‘race Chiang, and Willard, J. Am. Chem. Soc. 73, 2271 

1). 

*> S. Goldhaber and J. E. Willard, Paper Phys. and Inorg. Div. 
American Chemical Society, April, 1951. 

*Hamill, Williams, Schwarz, and Voiland, Report, March 1, 
1951; AEC Contract AT(11-1)-38. 
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ously in error because of thermal reactions with the 
omnipresent impurities. The solution to the difficulty 
appears to be simple enough but has not been used in 
general. The importance of reactions with minor im- 
purities can be reduced to insignificance by exchanging 
the radioactive halogens into species present in larger 
concentrations such as the allyl or vinyl halides** or 
elementary diatomic halogen” * so that the chances of 
impurity reactions affecting the fate of the radiohalogen 
become insignificant. With Br, added in small amounts 
to an organic bromide containing minor quantities. of 
olefinic and other impurities, freshly formed thermal Br 
atoms will most likely exchange with the Br2 and be 
diluted so far that the eventual reaction with the olefinic 
impurity will not incorporate significant quantities of 
radiobromine. 

The basic notion is that additives can be used in the 


' organic halides during exposure in quantities of a frac- 


tion of one mole percent so that the presence of the 
additive can hardly affect the course of the hot and 
epithermal reactions and yet be quite sufficient to insure 
a short lifetime for radioactive atomic halogen as such in 
the solution by exchanging the radioactive atoms into 
more abundant and less reactive species. We might use 
the term “thermal scavengers” for these agents, as 
suggested by Goldhaber and Willard.” In addition, the 
use of molecular halogen will tend to reduce the concen- 
tration of free radicals produced by radiation decom- 
position by reacting with them so that the danger of 
radiation chemical effects should be considerably re- 
duced. Of course, if larger quantities are used, the 
course of the hot and epithermal reactions themselves 


may be affected® in an understandable way by reaction 


4a Hamill, Williams, and Schwarz, J. Am. Chem. Soc. 72, 2813 
(1950). 

4b R. R. Williams and W. H. Hamill, J. Chem. Phys. 18, 783 
(1950). 

5 L. Friedman and W. F. Libby, J. Chem. Phys. 17, 647 (1949). 
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of the excited product molecules containing radiohalogen 
with the additive. 

In an attempt to extend earlier data’ obtained on the 
propyl bromides, certain discrepancies have been dis- 
covered which probably can best be attributed to 
inadequate attention to the reaction of thermal radio- 
bromine with impurities and to the use of a distillation 
column of too low fractionating efficiency. Careful 
repetition and extension of the earlier work has yielded 
the data which follow in the main body of this paper. A 
strenuous attempt has been made to purify the propyl 
bromides to the point that the total retention and the 
distribution of the radiobromine among the various 
organic bromides as revealed by distillation was un- 
affected by the presence of a small amount of Br2 during 
the irradiation. It is believed that these data are reliable. 
However, an independent check by somewhat different 
techniques would be desirable. 


II. EXPERIMENTAL 
A. Procedure 
Chemicals 


Pure u-propy! and isopropyl bromides were obtained 
from Eastman Kodak and Paragon Testing Labora- 
tories. Olefin impurities were removed by passing a 
stream of ozone through the propyl bromides for ten 
times the length of time required for the first appearance 
of unreacted ozone from the liquids. The resulting mix- 
ture was vacuum distilled from an ice bath to separate 
the higher boiling explosive ozonides. The propyl 
bromide was then stirred vigorously with concentrated 
sulfuric acid to remove alcohols, washed with aqueous 
sodium bicarbonate, then water, and dried over anhy- 
drous sodium sulfate. The final step in the purification 
was a distillation through a fractionating column of 22 
theoretical plates. The first and last 10 percent of the 
material distilled was discarded. Normal propyl bromide 
was removed from the column within 0.1 degree of 
70.6°C and isopropyl bromide within 0.1 degree of 
58.9°C, both at 745-mm pressure. 


Irradiation 


Fifty milliliter samples of the propyl bromides in 
amber colored soft glass bottles for room temperature, 
and Pyrex bottles for the low temperature work, were 
irradiated at the University of Chicago 37-inch cyclo- 
tron. Be%(d,n)B'® and Li’(d,n)Be® as target reactions 
gave a flux of fast neutrons which were moderated by 
ten centimeters of paraffin as walls of the irradiation 
box. Samples to be irradiated were placed in the box, in 
the neutron beam, about twelve inches from the target 
with an intervening two inches of lead to minimize 
chemical effects that could be caused by the gamma- 
radiation from the cyclotron target. Exposures lasted 
from one to two hours at an average beam current of 
twelve microamperes. The neutron flux calculated on 
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the basis of the activities produced was about 10’ 
neutrons per square centimeter per second. The inte- 
grated radiation intensity for an average irradiation of 
about one hour, measured with a Victoreen meter, was 
about 700 roentgens. This radiation consisted principally 
of gamma-rays, of course. 

Temperature control for the low temperature irradia- 
tions was accomplished by using various liquid-solid 
mashes. Dry ice acetone was used for — 78°C, isopropyl 
bromide mash for —89°C, n-propyl bromide mash for 
—110°C. Irradiation of the liquid propyl bromides at 
their melting point was accomplished by cooling them to 
a few degrees above the melting point and placing in the 
appropriate liquid-solid mash of propyl bromide. For 
the solid at the melting point, the propyl bromide was 
frozen and then placed in the appropriate mash. It was 
observed by checks during and after the irradiation that, 
provided the mash was of pure propyl bromide, there 
was little freezing or melting of the respective liquid or 
solid. 


Extraction 


Within five minutes of the completion of the irradia- 
tion the samples were extracted with fifty milliliters of 
aqueous solution, about 0.005 molar in sodium bisulfite 
and 0.005 molar in sodium bromide. The mixture was 
shaken vigorously, until all the propyl bromide and ice 
had melted and then for one minute afterwards, in the 
irradiation vessel. The two layers were then separated 
with a separatory funnel and the organic fraction 
analyzed. Periodic checks were made on the extraction 
procedure by re-extracting the separated organic layer. 
No activity was found beyond that which could be 
attributed to the solubility of the organic bromides, less 
than 0.5 percent of the organic activity. 


Distillation 


To a forty-milliliter sample of the extracted irradiated 
n-propyl] bromide, about 20 ml of methyl bromide, 40 ml 
ethyl bromide, 50 ml isopropyl bromide, 30 ml n-propyl! 
bromide, and 50 ml each of dibromomethane, 1,2 
dibromoethane, 1,2 dibromopropane, and 1,3 dibromo- 
propane were added. With isopropyl bromide, the 
volume of each carrier was about the same except that 
1,1 dibromoethane was added in place of dibromo- 
methane. This mixture was analyzed by distillation. 
Methy] bromide was taken off by condensing it in a dry 
ice acetone bath from a stream of nitrogen bubbled 
through the mixture of carriers at room temperature. 
The other monobromides were than separated by a pot 
to receiver distillation at reduced pressure and room 
temperature. The receiver was held at —78°C. The 
monobromides were then fractionated at atmospheric 
pressure and the dibromides at reduced pressure to 
avoid excessive decomposition. The pot temperatures 
during distillations never exceeded 110°C. Fractions of 
9 to 10 ml were taken off at a time, and since the still 
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operated at total reflux, the boiling points of each frac- 
tion were accurately known. This, coupled with re- 
fractive index measurements, determined the purest 
fraction of each substance. The crudeness of the methyl 
bromide separation presented quantitative measure of 
its abundance. 

The column used for the distillations was designed by 
John Hinkley and constructed by the Alpha Apparatus 
Company, Chicago, Illinois. It was packed with single 
turn, 33-inch Fenske Pyrex glass helices, and the packed 
tube was about four feet high. The efficiency was 
measured with a benzene-carbon-tetrachloride mixture 
and found to be 22 theoretical plates. The hold-up was 
about 36 ml. 


Radioactivity 


The measurements of radioactivity were made with 
standard Geiger-Miiller counters. Samples were counted 
ina 7-ml standard type thin wall liquid cell counter. The 
methyl bromide was counted as solution in methyl 
alcohol, usually about 10 percent, and the other samples 
were counted as they came off the still. For the analytical 
work, only the 35.9-hour Br® was counted. Precautions 
were usually taken to allow the 4.4-hour and 18.5- 
minute Br* to decay, but a 2-mm lead shield around the 
counter tube was always present and absorbed this 
activity when the decay period allowed for the Br*®° was 
insufficient. 

For the counting of Br*® activity, the same liquid cell 
was used, but without the lead shield. Precautions were 
taken always to have bromine or bromide ion carrier 
present to avoid absorption difficulties associated with 
the carrier free isomeric transition product of the 4.4- 
hour Br8*, The Br® activity was subtracted to get the 
activity of pure Br*®. The density correction for count- 
ing the 2.0-Mev beta-particle was determined em- 
pirically. The aqueous solution of density 1.0 counted 10 
percent more efficiently than the propyl bromides of 
density 1.4. 

The relative yields of each radioactive compound were 
determined by correction of the activity of the purest 
sample of given compound to the total volume of that 
compound present as carrier in comparison with the 
total activity produced in the irradiation. 


B. Verification of Procedure and Incidental Results 
Purification 


After observing some difficulty in getting reproducible 
values of the retention in liquid phase irradiations, it 
was found that the addition and immediate extraction of 
tadioactive bromine could induce activity in commercial 
pure propyl bromides. It had also been observed that 
about 20 percent of the organic radioactivity in the non- 
teproducible runs appeared as allyl bromide. No such 
elects were observed in the solid phase irradiations, 
probably because the impurities were “frozen out” of 


TABLE I. Retention of normal propyl bromide. 








—78°C —196°C 
Liquid Solid 


Temperature 
Phase 


Non-ozonized (%) 50.1 86.8 
Ozonized (%) 38.7 87.9 











the propyl bromide lattice and thus unable to interfere 
with the reactions of the recoil atoms. 

Since the presence of bromolefin would be expected to 
give effects* * identical with those observed, the ozoniza- 
tion process was introduced to remove them. After 
ozonization, there was no observed induction of radio- 
activity by shaking the propyl bromides with radioactive 
bromine, other than that attributable to photochemical 
hydrogen substitution. The appearance of allyl bromide 
activity in the distillation pattern also stopped. The 
ozonization process had no effect on the solid phase 
retention as may be noted in Table I. 


Irradiation 


It was of major importance to establish the absence of 
any chemical effects of radiation on the hot atom 
chemistry. From the Victoreen meter measurement of 
the total gamma-radiation of 700 roentgen for a one- 
hour irradiation, some estimate can be made of the 
extent of radiation damage. For 100 ml of propyl 
bromide, assuming a value for gas phase processes of 30 
electron volts per ion pair, a total of about 6X 10'® ion 
pairs are produced. Assuming an average lifetime of 
about 10-* second for recombination or reaction of the 
ion pairs, a steady state of about 3X 108 ion pairs in the 
system is achieved, or about 10~“ mole fraction. The 
only manifestation of the interference of such fragments 
with the problem under investigation would be their 
reaction with radioactive bromine, whose concentration 
is about 10—* mole fraction. Since the probability of 
reaction is a function of the product of the two concen- 
trations, little interference is to be expected. If these 
fragments initiated chains that would interfere with the 
radioactive bromine, the presence of macroscopic 
amounts of bromine in the irradiated liquid would be 
expected to interfere with or eliminate this effect. 

To determine the extent of such effects of radiation 
damage and/or impurities, n-propyl bromide was irradi- 
ated with 10~* mole fraction of bromine and the 
distribution of activity compared with irradiations in 
the absence of bromine. It may be observed from the 
data in Table II that the presence of bromine in low 
concentration does not significantly affect either the 
retention or the distribution of organic radioactivity. 
This is strong evidence for the absence of effects of 
radiation or impurities. 

To investigate the possibility of radiation effects on 


the solid, it was considered that in the case of irradiation 


6 W. H. Hamill and R. R. Williams, J. Am. Chem. Soc. 72, 2813 
(1950). 
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TABLE II. Effect of 10~* mole fraction of bromine on hot atom 
chemistry of normal propyl bromide at room temperature. 








n-Propyl Pure 
bromide n-propyl 
+Bre bromide 


n-Propyl 
bromide 
+Br2 


Retention (%) 33.3 34.5 34.7 
C:H;Br (%) 0.6 0.7 
CH;CHBrCH; (%) ie 
CH;CH2CH2Br (%) 16. 
CHoBre (%) Li 
CH2BrCH.Br (%) 3. 
cD 
2. 
1; 





17. 


CH;CHBrCH:Br (%) 
CH,BrCH:2CH.Br (%) 
Polymer (%) 


od cad Sad 
Do i> > 00 6 100 








of solid n-propyl bromide, the fragments might be 
trapped in the crystal lattice and might be able to react 
upon melting. Melting, of course, is required for extrac- 
tion. To check this possibility, 20 ml of solid n-propyl 
bromide at —126°C was irradiated in the normal 
manner and then dissolved without melting in about 
80 ml of ethylene, the temperature being held constant 
at —126°C. It was expected that any fragments frozen 
in the lattice might react with the solvent ethylene, 
rather than interfere with the radioactive halogen. Any 
uncombined halogen atoms would also probably react 
with the ethylene. If these fragments were of any 
influence on the final products containing radioactive 
halogen, a considerable distortion in both the retention 
and the distribution of organic activity would be ex- 
pected. Table III demonstrates that there is no signifi- 
cant distortion and thus probably no such effect as that 
suggested. Some difference may be observed in the 
dibromopropane and polymer products, but this is 
within the limits of experimental error. 

Again, to demonstrate the absence of radiation effects, 
it was assumed that the fragments resulting from 
radiation damage would be caught in the crystal lattice 
of irradiated solid hydrocarbons. It was also assumed 
that if radiation damage interfered with this study, 
these fragments would react with extractable bromine. 
Samples of solid hydrocarbons and liquid propyl bro- 
mide were irradiated simultaneously in separate arms of 
a single irradiation tube. These hydrocarbons were 
shaken up immediately after the irradiation so that they 
would dissolve and melt in the propyl bromide contain- 


TABLE III. Effect of dissolving solid n-propyl bromide irradiated 
at — 126°C in ethylene. 








Normal 
Ethylene irradiation 
Retention (%) 85.6 88.4 
CH;CHBrCH; (%) 3: , 
CH;CH2CH:Br (%) 26. 26. 
CH2Brz (%) 3. 
CH.BrCH.Br (%) . 
i. 
3. 





CH;CHBrCH.Br (%) 
CH.BrCH.CH:2Br (%) 
Polymer (%) 
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ing extractable bromine. They were extracted, after five 
minutes, in the normal manner. The data in Table Iy 
demonstrated that this procedure had no significant 
effect on the retention. 

A critical test on the effect of gamma-radiation was 
performed by varying the thickness of the protective 
lead shield during a room temperature neutron irradia- 
tion. Table V shows that no observable effects were in 
evidence. 

As important as the problem of the extent of radiation 
damage is the problem of halogen exchange with alky] 
halides.’ Investigations have demonstrated that in the 
gas phase bromine does not exchange with ethyl bromide 
at an appreciable rate, even under drastic conditions.’! 
Exchange is observed to occur at temperatures above 
350°C, but at these temperatures ethyl bromide de- 
composes to give ethylene and hydrogen bromide, 
permitting rapid exchange with bromine.!° To check 
liquid phase exchange, high specific activity bromine 
from the irradiation and acidification of aqueous po- 
tassium bromate was extracted into 80 ml of isopropy! 
bromide. The amount of bromine was about 50 milli- 
grams. This mixture was exposed to a 100-watt bulb for 
twenty-four hours in a sealed flask, then the excess 


TABLE IV. Data on solid hydrocarbons at — 78°C. 








n-Propyl bromiae Bromide 
With With With 

octane dodecane octane 

(m.p. (m.p. Isopropyl (m.p. 

Pure —56°C) +9°C) pure —56°C 


Retention (%) 38.7 40.0 38.9 31.7 34.7 











bromine extracted with aqueous sodium bisulfite. Car- 
riers were added to the isopropyl bromide, and the 
mixture distilled. It was observed that less than 1! 
percent of the total induced organic activity appeared in 
iso and normal propyl bromide, all the activity ap- 
pearing in high boiling dibromides. No analysis was 
made of the dibromides. Thus it may be assumed that 
under the conditions of the experiment no exchange 
occurs between bromine and isopropyl bromide. Al- 
though no work was done with u-propyl bromide, it 
would be expected to exchange even less readily than 
isopropyl bromide since the carbon-bromine bond 1s 
stronger." 


Distillation 


The fractionating column had a measured efficiency 
of 22 theoretical plates and a hold-up of about 36 ml. 
Calculations for the normal and isopropyl bromide 
separation on the basis of the volumes used demon- 


7H. Seelig and D. E. Hull, J. Am. Chem. Soc. 64, 940 (1942). 
8 L. C. Liberatore and E. O. Wiig, J. Chem. Phys. 8, 349 (1940). 
J. B. Peri and F. Daniels, J. Am. Chem. Soc. 72, 424 (1950). 
10 See reference 9. 
tH. A. Skinner and J. S. Roberts, Trans. Faraday Soc. 45, 339 
1949). 
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strated that the purest fractions of each were more than 
95 percent pure for distillation at atmospheric pressure. 
Since the vapor pressure ratio of normal propyl bromide 
to isopropyl bromide is the most unfavorable in the 
monobromide distillation, the purity of ethyl bromide 
was probably even higher. For the distillation at reduced 
pressure, the column efficiency is somewhat lower, but 
except for 1,2 dibromoethane and 1,2 dibromopropane, 
the vapor pressure ratios are very favorable. This diffi- 
culty was somewhat compensated for by the 50 ml of 
each carrier used, giving a probable purity of about 
85 percent for the 1,2 dibromoethane and the 1,2 
dibromopropane. The other constituents were separable 
to better than 95 percent purity. The boiling point of 
each fraction was accurately known and this coupled 
with refractive index measurements demonstrated the 
validity of these calculations. 

Carriers were added for all reasonable products from 
each of the propyl bromides, with the exception of 1,1 
and 2,2 dibrompropanes. These were not added because 
they were not available due to difficulty in their 
preparation. It is apparent that they did not constitute 
any significant portion of the total organic activity since 
their boiling points are sufficiently different from those of 
the other carriers that they would have shown up as high 
specific activity fractions in the distillation curves. No 
such high specific activity fractions were observed in the 
neighborhood of their boiling points. It was assumed 
that, as a result of their known instability with respect 
to rearrangement to 1,2 dibromopropane, if such com- 
pounds were formed as a result of the recoil process, 
rearrangement would occur before the molecule had 
cooled down to thermal energy. 

Some decomposition was observed to occur in the 
vacuum separation of the dibromides from the mono- 
bromides. This was demonstrated by a slight brown 
discoloration of the dibromide fraction. More decompo- 
sition was noted in the dibromide fractionation by the 
dark brown color of the pot residue at the completion of 
the distillation. Several experiments were performed to 
demonstrate that such decomposition had no effect on 
the distribution of activity in the still, since decomposi- 
tion of a given fraction of any carrier does not change 
the specific activity of that carrier. Since the principal 
bromine product of alkyl bromide decomposition is 
highly volatile hydrogen bromide, it would not be ex- 
pected to interfere with other activities in the still. 

A sample of pure radioactive isopropyl bromide of 
known specific activity from another analysis was added 
ton-propyl bromide, ethyl bromide, and dibromopropane 
catriers. This mixture was refluxed at atmospheric 
pressure, exposed to the atmosphere, for ten hours. 
Macroscopic decomposition was manifested at the end 
of the refluxing by the evolution of hydrogen bromide 
from the still head. On distillation of the mixture there 
was no change in the specific activity of the isopropyl 
bromide other than that due to radioactive decay. Less 
than 1.5 percent of the total activity appeared in 


TABLE V. Effect of lead shielding on retention of n-propyl bromide 
at room temperature. 








4 inches 
of lead 


2 inches 


No lead of lead 


Retention (%) 35.5 34.7 34.0 











fractions other than those containing isopropyl bromide. 
This activity appeared in the dibromide fraction and 
not as ethyl or normal propyl bromide. 

A second experiment involved fractional crystalliza- 
tion of irradiated and extracted n-propyl bromide. The 
solid and liquid fractions were analyzed separately by 
the normal procedure. This procedure changed the 
distribution of activities in each fraction, but it may be 
noted in Table VI that the total distribution of organic 
activity was not changed. 

To establish that the still would not show activity in 
an inert carrier, 70 ml of benzene were added with the 
normal volumes of other carriers for a run with m-propyl 
bromide, and although benzene boils only 9.5°C higher 
than the most active constituent, less than 0.4 percent 
of the total activity appeared as benzene. The vapor 
pressure ratio for benzene to n-propyl bromide is more 
unfavorable than for any other two constituents present 
in a normal distillation. 


Special Procedures 


To establish the presence of some of the minor 
products whose boiling points were close enough to 
interfere with already established major products, a 
procedure of flooding out was utilized. Carrier for the 
minor constituent was added with the other carriers, 
and the mixture distilled. Activities of the purest frac- 
tion of the minor constituent were measured, and to 
about 30 ml of these fractions, about 50 ml more of the 
carrier were added. This mixture was distilled through a 
column of about 8 theoretical plates and activities of the 
various fractions determined. The purest fraction was 
identified by the boiling point and refractive index, and 


TaBLE VI. Distribution of products from liquid n-propyl 
bromide irradiated at — 78° and fractionally crystallized to disturb 
the distribution of activity, as compared to the normally treated 
n-propyl! bromide. 
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TABLE VII. Distribution of activities from n-propyl bromide. 
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TABLE VIII. Distribution of activities from isopropyl bromide. 
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thus the activity of the minor constituent determined. 
Since the activities involved in this determination are 
quite low, the counting error is about 10-15 percent, but 
the procedure is sufficient to determine the presence of a 
minor radioactive constituent. 

An attempt was made to determine the nature of the 
“polymer” activity. This is the activity that appeared 
in the pot residue following each distillation. The 
specific activity of this residue was much higher than 
that of any of the carriers in the still and therefore could 
not be the decomposition product of any of the still 
constituents. To get some idea of the boiling point of the 
polymer, inert organic compounds (compounds con- 
taining no bromine, and that would not react with alkyl 
bromides or with each other) with boiling points at 
intervals of about 25° up to 290°C were added to the pot 
residue, and the mixture was vacuum distilled through 
an 8-plate column. Reproducible distillation patterns 
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Fic, 1. Distillation curve for polymer from isopropyl bromide 
irradiated at — 196°C. 


were obtained with wide variation in organic compounds 
added. About 60 percent of the pot activity came off at 
atmospheric boiling temperatures, below 220°C and 
about 30 percent between 220°C and 275°C. There were 
apparent maxima in activity at about 215°C and 265°C. 
Typical distillation diagrams are given in Figs. 1 and 2. 
It may be noted that more than 90 percent of the total 
polymer activity was distilled below 280°C. The re- 
mainder of the activity appeared as decomposition 
products in the still pot. 


II. RESULTS 


Tables VII and VIII and Fig. 3 give the major experi- 
mental results, showing the distribution of non-ex- 
tractable or organic activity as percentage yields of the 
total activity at various temperatures. Table VII refers 
to the experiments in which u-propyl bromide was 
irradiated; Table VIII, isopropyl bromide. The first 
column gives the compounds that were analyzed, and 
the adjacent columns give the retention (percent of total 
activity) and the respective yields of each compound at 
irradiation temperatures given in the first row. Figure 3 
gives the average retention values for various irradiation 
temperatures for normal and isopropyl bromides. In 
general the data in Tables VII and VIII are accurate to 
about one unit. Methyl bromide was added as a carrier 


TABLE IX. Retention of radiobromine isotopes in isopropyl 
bromide produced by (m, y) reaction. 
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Fic. 2. Distillation curve for polymer from isopropyl bromide 
irradiated at — 196°C. 


in all distillations, but because of the crudeness of its 
separation the absolute value of its contribution to the 
total activity was uncertain as compared to the other 
data, so these values were not included in any of the 
tables. The yield of methyl bromide was about 1-2 
percent of the total activity. The products considered 
accounted for about 95 percent of the total organic 
activity. 

A number of experiments were performed to establish 
the absence of any observable effects of radiation and 
minor impurities that might not have been removed by 
the purification procedure used, as described in Sec. IT. 

Theoretical consideration, described later, of the 
theory of the remarkable phase effect shown by the 
propyl bromides and other substances™> led to the 
prediction, detailed in the next section, that retentions in 
the solid phase could well be dependent on recoil energies, 
whereas liquid retentions would be less sensitive. Ex- 
periments on this point are given in Table IX from 
which it appears that Br® probably has a lower average 
recoil energy at birth than does Br*? (4.4 hr) or Br®* 
(18 min) and that the latter two have similar average 
energies of recoil. The errors given are based principally 
on the statistics for the counting of the radioactivities. 


IV. DISCUSSION 
A. Phase Effect 


The data reveal a very marked dependence of the 
yields of certain products on phase—a discontinuous 
nse of about fourfold occurring on solidification of the 


TaBe X. Ratio of yield in solid to yield in liquid phase. 
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Fic. 3. Temperature versus retention. 


propyl bromide and very little effect of temperature 
above and below the melting point being revealed. 
Table X gives the elevations in retention observed. 

The yields of m-propyl out of n-propyl and isopropyl 
out of isopropyl target molecules have phase effect 
ratios of 1.65+0.1 and 1.30-+-0.2, respectively, while the 
yield of normal propyl out of isopropyl shows a ratio of 
9.4+2.0. It appears that the products divide into two 
classes corresponding to phase effect ratios greater or 
less than about three. These groups are given in 
Table XI. 

In this listing the less certain minor constituents 
generally have been omitted. It appears that C2H;Br is 
hot out of iso and possibly out of normal, CH»2Brz is hot 
out of normal and CH;CHBr, is hot out of iso, but one 
cannot be certain because the experimental errors in any 
given retention determination amount to about one 
percent unit. 

The theory previously advanced®”—'® for hot and 
epithermal reactions in organic systems consisted es- 
sentially in the division of the reactions into two classes 
corresponding to the energy of the recoiling radioactive 
atom. Reactions occurring in the high energy range 
where the chemical bonds are small were called ‘“‘hot” 
and those occurring in the range where the energy is 
still somewhat larger than the chemical bond but not 
over two- or threefold larger were called “epithermal.” 

In the hot range the only collisions leading to reten- 
tion of radioactivity in the organic phase are supposed 
to involve transfer of the momentum of the hot Br* 
atom so the free radicals generated in the collision and 
the stopped Br* atom are left in the same solvent cage, 


TABLE XI. 








Hot (below 3) Epi (above 3) 





n-propyl out of i-propyl 
CH;CHBrCH.Br out of either 
CH.BrCH2CH:Br out of either 
Polymer out of either 


n-propyl out of n-propyl 
i-propyl out of i-propyl 
CH:2BrCH.Br out of either 
probably 7 out of n* 








® The experimental data are so uncertain in this case that the classification 
of this product is difficult. 


2 W. F. Libby, J. Am. Chem. Soc. 62, 1930 (1940). 

13 W. F. Libby, Science 93, 283 (1941). 

4 W. F. Libby, J. Am. Chem. Soc. 69, 2523 (1947). 

15 Miller, Gryder,"and Dodson, J. Chem. Phys. 18, 579 (1950). 
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so reactions to form organic radiobromides are very 
probable. In the case of the propyl bromides itis clear 
that the only atom heavy enough to decelerate a Br® 
atom in a single collision is Br, so we expect the original 
molecule to be a principal product of the hot reactions. 

The epithermal reactions are supposed to devolve 
around solvent cage action also with the important 
difference that the stopping of the recoiling Br atom no 
longer requires a collision with a Br atom since the 
energy and momentum of recoil can be transferred to 
the molecule struck as a whole by inelastic processes. 
This means that the free radicals generated by the 
disruption of the molecule struck can be of any type, 
and one expects that the formation of new molecules 
different from the target molecule is extremely likely. In 
other words, epithermal reactions should lead to H 
substitution, C—C rupture and replacement, and other 
types of fundamental chemical change, while hot reac- 
tions ought in general to re-form the mother or target 
molecule. 
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If the theory outlined is correct, or essentially so, one 
expects a rather considerable difference in the effect of so 
fundamental a change in the characteristics of the 
solvent cage as that brought about by solidification. In 
a general way the processes involving the most energy, 
the hot reactions, should be least affected since the solid 
probably will be melted for a considerable region around 
the reaction site by the energy passed on to the struck 
Br atom as well as by that dissipated by the radioactive 
Br* atom before the head-on Br collision which leads to 
retention (see Fig. 4). Therefore relatively little differ- 
ence between the liquid and solid phases might be ex- 
pected for hot reactions. The epithermal reactions, 
however, should show a much larger response to solidifi- 
cation because they occur at the very end of the range 
of the recoiling atom. The epithermal reaction site being 
at the end of the range is on the surface of the molten 
drop formed instantaneously in the solid by the recoiling 
atom. A diagrammatic representation is given in Fig. 4. 
Since the epithermal site is on the surface it will have a 
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large fraction of its cage wall solidified by the phase 
change and so rendered much less permeable’ with a 
resultant large increase in probability of epithermal 
reactions. The hot sites residing within the drop are not 
subject to this effect. In either case the temperature of 
the phase should have relatively less effect since even 
the epithermal reaction energies make thermal energies 
appear small in comparison. 

Glancing at Table XI we see that the theoretical ex- 
pectations are borne out fairly well in that the phase 
effect ratios fall into two classes above and below 3, 
with the mother molecules belonging to the low ratio as 
they should as hot products, while the isomers, H 
substitution, and polymer products show the larger 
ratio expected for epithermal reactions. The hot charac- 
ter of the CH.BrCH.Br yield together with the data on 
the minor constituents will be discussed later. 

Pursuing our phase effect theory in more detail, the 
recoil atom is considered to lose energy by two mecha- 
nisms. One is by the exchange of momentum, and the 
other is by breaking chemical bonds. Assuming an 
average bond energy of four electron volts, the change 
in the energy of the recoil atom dE in electron volts for 
a distance dx in units of molecular diameter can be 
given by 

dE/dx= —kE—4. (1) 


k is calculated by the elastic collision theory for indi- 
vidual atoms from the relation 


k=1—(1—y)[1—In(1—) ]/7, 


y=4M'M/(M+M’), 


M’ and M being the respective masses of the colliding 


particles. 
An approximate k for C;H;Br is 0.19. Substituting, 
and solving the differential equation, 


E=(Ey+21)e92— 21, (3) 


where £, is the initial energy of the recoil atom. The 
heat generated by this process, H(x), neglecting recom- 
bination of the fragments produced in the process, 
would be 


where 


H (x) =kE=0.19(Eo+20.7)e°97—4. (4) 


If the heat of fusion is about 0.1 ev and there is no 
heat flow in the direction of the path of the recoil atom, 
a cone-like volume of liquid results, with a maximum 
diameter of about 16 molecules for a 100-electron volt 
bromine atom. Figure 4 presents the model graphically. 
Allowing heat flow along the path, the ends of the 
volume become rounded, containing the same volume 4s 

16 This phenomenon was described somewhat graphically by 
Rabinowitch (Trans. Faraday Soc. 33, 1225 (1937)) in his calcula- 
tion of coordination duration between two particles in a solvent 
cage as a function of diffusion coefficient. For a liquid whost 
diffusion coefficient is 10~* cm?/sec this duration is given as 10° 
sec or about 10° vibrations, whereas for a solid with a diffusion 
coefficient of 10-” cm?/sec the duration is given as 10~* or about 
10° vibrations. 
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the original cone-like volume, with a maximum diameter 
of about 12 molecules. This model results in a pear- 
shaped volume in which the recoil atoms may react. 

It is now proposed that the hot reactions occur in the 
portion of the pear-shaped liquid drop several molecules 
in diameter, and the epithermal reactions in the little 
knob, perhaps two molecules in diameter, at the end of 
the path of the recoil atom. The radioactive atom may 
appear in either place or anywhere in between. If it 
makes a hot collision early in its career, it will remain in 
the center of the drop, while the nonradioactive bromine, 
having taken on almost all of the energy, continues on 
the original path to produce the same kind of liquid 
drop. Here the reactions of the radiobromine would be 
more independent of phase since the immediate locale is 
always liquid. If no such head-on collision occurs, the 
radioactive bromine ends up in the small knob at the 
end of the path in close proximity to the phase wall in 
the solid case and the main body of the liquid in the 
liquid case, causing a phase dependence. 

From this model it is predicted that higher recoil 
energies should be associated with lower retention in the 
solid phase, since the size of the liquid drop would in- 
crease with increasing initial recoil energy and the 
chance of epithermal reaction be reduced both by in- 
creasing the chance of deceleration clear through the 
epithermal region and by melting more of the wall 
surrounding the epithermal volume. The liquid phase 
retention, on the other hand, should show little or no 
variation in retention since the initial bromine recoil 
energy is of less consequence in the homogeneous en- 
vironment. The three isotopes of bromine that may be 
prepared by (7,7y) reactions were used to test these con- 
siderations. The variation in retention between Br® and 
Br® thus would seem to indicate a higher recoil energy 
for the Br®, while the absence of variation between 
Br® and Br” would indicate a similarity in the high 
energy portions of their capture gamma-ray spectra. 
The small variation in the liquid phase retention in 
contrast to the variation in the solid phase retentions 
seems to verify the predictions. 

Goldhaber, Chiang, and Willard?* have studied the 
elects of phase change on both the neutron capture 
activated bromine and isomeric transition activated 
bromine in CCl;Br and CCl.Brs, and of neutron capture 
activated chlorine in CCl,Br2 and CCly. Their results, 
given in Table XII, show increases of retention on 
solidification less than are shown by the propyl bro- 
mides, but nevertheless of considerable magnitude. It 
appears also that in these cases the increase did not 
occur abruptly at the phase transition but shows some 
tendency to continue to rise as the temperature is 
lowered below the melting point. 

_ The products of the hot and the epithermal reactions 
in those cases in which the recoiling atom has a mass 
nearly equal to the masses of the atoms constituting the 
molecules in the main system are often difficult to 
distinguish. This applies to CC1;Br, CCl,Bre, and CCl. 
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In general one might expect a lower phase effect, on the 
basis of the theory previously outlined, in a case such as 
CCl, where the probability of reactions occurring in the 
hot range is much greater and the consequent proba- 
bility of the hot atoms being degraded completely 
through the epithermal range into the thermal is much 
larger. In a general way the data in Table XII do not 
seem to be in disagreement with these notions. 


B. Polymer Production 


Willard and co-workers!” '*?* and others! have re- 
peatedly reported the formation of higher boiling 
radioactive fractions in neutron bombardment of organic 
halides. This phenomenon has been more firmly es- 
tablished recently with the observation of the increase 
of polymer yield on solidification first reported by 
Goldhaber, Chiang, and Willard,”* and confirmed in this 
research in the case of the propyl bromides. Since the 
impurities would be frozen out and thermal reactions 
halted at liquid nitrogen temperatures, and since two 
samples irradiated at the same temperature but in 
different phases (Tables VII and VIII) and analyzed in 


TABLE XII. Phase effect on retentions (Goldhaber, 
Chiang, and Willard (see reference 2a)). 











Br® in CC13Br Br8? in CCleBre C88 in CCle 
2° 40 32° 40 30° 43 
— 3° 44 22° Freezing 0° 44 
point 

—5° Freezing 0° 75 — 23° Freezing 
point point 
—6° 58 — 37° 51 
— 80° 75 — 80° 75 

— 190° 72 vee 








the same way gave higher polymer yields for the solid 
in all cases, we must conclude that polymerization 
probably is a phenomenon characteristic of hot atom 
chemistry. In the present research the polymer fractions 
were observed to have higher specific activities than any 
other constituent in the still, so the possibility of 
“tarring” is excluded further as an explanation. 
Goldhaber, Chiang, and Willard’* have suggested 
that the polymer formation probably is caused by the 
recoiling atom rupturing adjacent molecules. This seems 
eminently reasonable. We would add that the magni- 
tude of the phase effect places the phenomenon in the 
epithermal range. If we imagine a bromine atom with an 
energy three or four times the bond energy transferring 
part of its energy in an inelastic collision which ruptures 
one molecule, it seems probable that its next collision 
may lead also to rupture in addition to nearly complete 
deceleration of the radiobromine atom. Since the mean 
free path of a bromine atom should be of the order of one 
molecular diameter, the radiobromine atom and several 
(1947). G. Bohlman and J. E. Willard, J. Am. Chem. Soc. 64, 1342 


18 J. E. Willard, J. Phys. and Colloid Chem. 52, 1585 (1948). 
19 P, Siie and A. Nouaille, Compt. rend. 230, 954 (1950). 
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TABLE XIII. Theoretically predicted and observed hot products. 








Isopropyl 
Expected Observed 


n-Propyl 
Expected Observed 
CH;:CH2CH2Br Yes + 5 pen a Yes 
r 


CH;Br Possibly Possibly 
CeHsBr Possibly é Yes 


CH2Br —CH2Br Yes Yes 
CH;—CHs: sabe bmasked | 





CH2Br —CH2—CH:2Br) Probably 
CH;—CHBr—CH:2Br | masked by CH;CHBrCH:2Br masked by 
epithermals 
CH;CHBr2Br 


CH;—CHBr—CH; epi- 
thermals 
CH2zBre No 
CH;CBr2CHs; 


CH;—CHz—CHBrz 


Yes 
CHeBrCH2CH2Br 


Yes 
Not tested Not tested 








radicals produced in these neighboring inelastic colli- 
sions may with a fair probability be found to occupy 
essentially the same cage. Reactions might then proceed 
with considerable efficiency to form products of in- 
creased molecular weight. For example, in our case of 
the propyl bromides the radicals might be: CsH¢Br-, 
C.H,Br:, CH2Br-, and Br-*, one H atom having es- 
caped the cage. Disproportionation then could occur 
according to 


C;H.Br-+CH,Br-=CH;Br+C;H;Br. (5) 


The olefin CsH;Br then could react with the remaining 
radicals to form tribromopentane containing radio- 
bromine: 


C;H;Br+-C.H,Br:-+ Br-*=C;H gBrBrBr*. (6) 


These types of reactions have been commonly accepted 
in free radical chemistry.%*! Considering all of the 
possible radicals from u-propy! bromide, the olefins that 
become available for addition are ethylene, propylene, 
bromoethylene, 1-bromo-1-propylene, and 1-bromo-2- 
propylene. The addition of two of the other three 
radicals probably is controlled by steric considerations 
and energetics. Assuming that atomic radiobromine 
adds so the product is detectable, the remaining radical 
will be one of the following: CH;, C2H;, CH2Br, 
C.H.Br, C3;H;, CH,CH,CH2Br, CH;CHCH,Br, and 
CH;CH.CHBr. It may be seen readily that the number 
of possible compounds is large, including monobrom-, 
dibrom-, and tribrom- derivatives of propane, the 
butanes, the pentanes, and the hexanes. 

A similar consideration of isopropyl bromide gives a 
similar though not identical array of possible products. 
The large number of possible products makes any kind 
of detailed analysis prohibitively difficult. It was 
established by an inert carrier technique with vacuum 
distillation, using two different sets of carriers in the 
distillation, that about 60 percent of the polymer 
activity boiled between 168° and 220°C and about 30 
percent between 220°C and 275°C, with apparent 
maxima in activity at about 215°C and 265°C. The 
maxima accounted for about 25 percent and 10 percent 
of the total polymer activity, respectively. These boiling 


2” W. H. Waters, The Chemistry of Free Radicals (Oxford Uni- 
versity Press, London, 1949), p. 129. 

21 E. W. R. Steacie, Atomic and Free Radical Reactions (Reinhold 
Publishing Company, New York, 1946), p. 81. 
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ranges are satisfactory from the theoretical point of view 
set forth above, but certainly by no means completely 
confirmatory. 

The possibility of synthesizing radioactive compounds 
of higher molecular weight by hot atom chemistry may 
have some practical applications. 


C. Hot Products 


The phase effect shows that not only the mother 
molecules but certain others are formed in hot reactions, 
According to Tables VII, VIII, X, and XI, CH2BrCH,Br 
and probably C.H;Br are formed from either iso or 
normal propyl bromide in hot reactions. In addition 
CH.Br. from normal and CH;CHBr; from iso seem to 
occur. 

Considering n-propyl bromide struck at the bromine 
atom essentially head-on by the high velocity radio- 
bromine, the initial results will be the formation of a 
highly excited propyl radical which is trapped in the 
same solvent cage with the decelerated projectile 
radiobromine atom. Obviously the principal reaction 
should be recombination to form the mother molecule: 


CH; ’ CH, : CH.+ Br* = CH;CH.,CH.Br. (7) 


In addition, one can imagine that the propyl radical 
might decompose before recapturing the Br* atom. The 
various cases for single bond rupture would be: 


B. C.H;-+CH:2; 

C. CH;-CH=CH,+H; 
D. CH;:-CH;,-CH+H; 
E. CH2-CH2:CH.+H. 


The products of reaction involving the trapped Br* 
atom to be expected are: 


A. CH;Br*, CH.Br*— CH2Br, CH;CH.Br*, 
CH.Br*— CH.CH;. 


In the last three products it is supposed that the free 
radical first produced, e.g., CH:Br*—CH)2-, in the case 
of ethylene, would eventually capture a Br or H atom 
from the solvent u-propyl bromide or react with the 
CH; radical left in the cage. Similarly, 


B. C:H;Br*, CH.Br*Br, or CH3Br*; 

C. CH;CHBr*—CH.Br, or CH;CHBr*—(CH;; 
D. CH;:CH2-CHBr*Br, CH;CH2CH.Br; 

E. CH.Br*CH,- CH2Br, CH.Br*CH.CHs3. 


Summarizing, the hot products for m-propyl bromide 
might consist of CH;Br*, C2-H;Br*, CH.Br*— CHB, 
CH.Br*— CH.— CH2Br, CH;CH,CHBr*Br, CH2Br*Br, 
CH;CHBr*—CH-.Br, CH;CHBr*— CHs, as well as the 
principal one, CH;CH2CH,Br*. 

For isopropyl the same analysis gives 


A. CH3:-+CH3—CH.-: ; 
B. CH;:+CH2=CH:2; 
C. CH;—CH=CH,+H; 
D. CH;—-C—CH;+H; 
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with the products 


A. CH;Br*, CH;CHBr*Br, CH;CH.Br*, 
CH;CHBr*CH;; 

B. Same as for n-propyl A; 

C. Same as for n-propyl C; 

D. CH;CBr*Br—CH;, CH;CHBr*— CHs. 


Summarizing in Table XIII we see that the predicted 
and observed products show considerable agreement. 


D. Epithermal Products Other than Polymer 


The four products showing the large phase effect 
are the two dibromopropanes, ”-propyl bromidefrom 
irradiated isopropyl bromide, and the polymer. The 
epithermal collisions are imagined to introduce a large 
internal excitation energy into the target molecule so 
nearly any type of bond rupture is conceivable. The 
dimination of a H atom to form the various Cs;H¢Br 
radicals will of course produce the dibromo derivatives 
as products. The rupture of the C— Br bond to form the 
propyl radical produces the mother molecule. 

In this epithermal production of the propyl bromides 
it is possible apparently for isomerization of the propyl 
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radical to occur before recombination. The remarkable 
epithermal production of normal from isopropyl bro- 
mide strongly indicates the normal propyl radical to be 
stabler than the iso. Glazebrook and Pearson” have 
observed that photochemical decomposition of di- 
isopropyl ketone in the gas phase results chiefly in the 
production of n-propyl radical, so it is suggested that, 
given sufficient time, the isopropyl radicals tend to 
rearrange into u-propyl radicals. Kharasch, Kane, and 
Brown,” on the other hand, failed to find isomerization 
at 77°C in CCl, solution. They thermally decomposed 
n-butyryl peroxide and found only n-propyl chloride as 
product with no trace of isopropyl chloride. Similarly 
decomposition of isobutyryl peroxide in the same sol- 
vent yielded pure isopropyl chloride with no trace of the 
normal isomer. Perhaps one might conclude that 
isomerization occurs readily only in excited states of the 
propyl radical and that our epithermal radicals are 
sufficiently excited to isomerize. 


”H. H. Glazebrook and T. G. Pearson, J. Chem. Soc. 1777 
(1936). 

*3 Kharasch, Kane, and Brown, J. Am. Chem. Soc. 63, 526- 
528 (1941). 
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A multiple reflection Raman tube and a high dispersion quartz spectrograph were used to investigate the 
fine structure of the vs; band of gaseous methane. Sixty-eight maxima were measured, and evidence for all 
but one of the 15 theoretically predicted sub-branches was found. An evaluation of the rotational constants 
by combination relations for Raman and infrared frequencies gives three different B values for the upper 
vibrational state and surprisingly, three for the ground state. A more acceptable analysis, based on a single 
set of rotational constants for the ground state, By=5.253 cm™ and Do=1.9X 10 cm™, leads to B, values 
for the various branches in the range 5.202 to 5.235 cm™. The analysis gives v>= 3018.7 cm™ and ¢:=0.056. 
The constants obtained for the ground state are also used in an analysis of the 2»; infrared band. 





INTRODUCTION 


XPERIMENTAL data on the rotational structure 
of vibrational Raman bands of polyatomic mole- 
cules are extremely meager; only for methane! and 
ethane’ has a partial resolution of such structures been 
obtained. Since the intensity of Raman scattering is 
low, the experimental difficulties associated with high 
resolution Raman spectroscopy are formidable and are 
accentuated in fine structure investigations by the 
necessity of working at low gas densities to prevent 
excessive line broadening. Nevertheless, it is important 
to obtain Raman spectra with an instrumental resolu- 
tion approaching that achieved in infrared absorption, 
since it is certain that many problems, in particular the 
interaction of rotation and vibration, cannot be studied 
adequately by infrared investigations alone. In addi- 
tion precise frequency data obtained from high dis- 
persion Raman spectra of gases can be used with good 
effect in increasing the accuracy of molecular structure 
calculations. 

Raman investigations at high resolution have been 
made feasible to some degree by the development of 
water-cooled Hg lamps of high intensity and by in- 
creasing the efficiency of Raman tubes for gases by 
multiple reflections in a system of concave mirrors.* 
These methods have been used to obtain considerably 
greater detail of the v3 band of methane than was ob- 
served in the early investigation of Dickinson, Dillon, 
and Rasetti.! This Raman band is one of the easiest to 
investigate with high resolution since its intrinsic in- 
tensity is exceptionally high. However, it appears that 
with an extension of the methods used it will be pos- 


* A summary of some of the results of this investigation has 
been published as a Letter to the Editor, Phys. Rev. 84, 592 (1951). 

t Holder of a Garnet W. McKee-Lachlan Gilchrist Post-doc- 
torate Scholarship, School of Graduate Studies, University of 
Toronto, 1950-51. Now in the Division of Physics, National Re- 
search Laboratories, Ottawa, Canada. 

t Holder of a scholarship under the Research Council of On- 
tario, 1950-51. 

§ Holder of a Garnet W. McKee-Lachlan Gilchrist Scholarship, 
1950-51. 

1 Dickinson, Dillon, and Rasetti, Phys. Rev. 34, 582 (1929). 

2.C. M. Lewis and W. V. Houston, Phys. Rev. 44, 903 (1933). 

3 Welsh, Cumming, and Stansbury, J. Opt. Soc. Am. 41, 712 
(1951). 


sible to resolve the fine structure of many Raman bands 
of the lighter molecules. 


EXPERIMENTAL 


Since methane is transparent in the ultraviolet, the 
mercury line 2537A was used for excitation. A two- 
mirror system for multiple reflections was incorporated 
in the Raman tube; by this means the intensity of the 
scattered light entering the spectrograph was increased 
by a factor of nearly four.* The tube was illuminated 
over 36 cm of its length by four helical lamps of fused 
quartz with water-cooled mercury pools. The lamps 
were operated at a current of eight amperes; no gain 
in intensity of the resonance line 2537A is obtained at 
higher currents, probably because of self-absorption of 
the radiation in the lamp. A distressing feature of the 
high current quartz lamp is the rapid decrease of the 
ultraviolet transmissivity of the quartz; after 400 
hours of operation the intensity of 2537A radiation is 
reduced by a factor of at least three. The transmissivity 
can be restored to some extent by treating the inside 
of the coil with hydrofluoric acid. 

The spectrograph used is a two-prism quartz Littrow 
instrument with an /:22 lens of focal length 155 cm, 
giving a reciprocal linear dispersion of 27 cm~!/mm at 
2537A. The spectrograph and source unit are located 
in a thermostated room, the temperature of which is 
held constant to within +0.2°C; in addition, the spec- 
trograph is lagged with a thick wooden box. The source 
unit is surrounded by a plywood box from which the 
air is continuously removed by a fan to the outside, in 
order to dispose of ozone and excessive heat produced 
by the Hg lamps. All exposures were taken during 
periods of relatively constant (+2.5 mm Hg) atmos 
pheric pressure to obtain good definition in the spectro- 
grams. For future work the prisms have been sul 
rounded by a sealed metal box in which a constant 
density of air is maintained. 

In a concurrent investigation on the pressure broaden- 
ing of Raman lines, it was found that the half-width 
of the rotational lines of the v3 band of methane ir 
crease linearly with pressure. Extrapolation of the 
results to zero pressure and zero slit width gave 4 
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RAMAN BAND OF METHANE 


TABLE I. Frequencies in the v3 Raman band of methane. 








Observed frequency, 
cm~! 


Calculated frequency, 
cm! 


Assignment 


Observed frequency, 
= 


Calculated frequency, 
cm Assignment cm~i 





3300.5 
3288.8 
3280.9" 
(3269.7) 
3260.4* 
3250.4" 
(3246.4) 
3239.88 
3231.18 
(3227.4) 
3219.58 
3211.38 
(3207.6) 
3198.68 
3192.18 
3177.98 
3171.88 
3157.28 
3152.28 


(3147.1) 


S*(12) 
S$°(12) 
S*(11) 
S11) 
S*(10) 
5°(10) 
S~(10) 
S*(9) 
S59) 
S~(9) 
S*(8) 
S°(8) 
S~(8) 
S*(7) 
S°(7) 
S*(6) 
5°(6) 
S*(S) 
S°(5) 
R°(12) 
R*(11) 


{si 


3301.5 
3288.7 
3281.0 
3269.6 
3260.4 
3250.5 
3239.9 
3231.1 
3219.3 
3211.6 
3198.6 
3191.9 
3177.9 
3172.0 
3157.2 
3152.0 
3147.5 
3145.2 
3138.2 
3136.2 
3135.7 
3131.9 
3131.2 
3125.9 
3115.8 
3115.2 
3105.6 
3090.0 
3084.6 
3080.0 
3073.9 
3070.0 
3067.1 
3063.1 
3059.9 
3052.2 
3048.0 
3041.3 


3136.5 S*(4) 
R+(10) 
3131.98 ima 


3126.4 R+(9) 
3115.68 ‘ong, 


S*(3) 
3105.3* R*(7) 
3090.18 R°(6) 
3084.8 R*(5) 
3079.9 R(5) 
3073.98 R*(4) 
(3069.8)* R°(4) 
(3066.7) R-(4) 
(3063.8) R*(3) 
3059.98 R°(3) 
3052.1 R*(2) 
(3047.4) R-(2) 
3041.5 


R*(1) 
3021.5 Q*(max) 


R-(11) 





P*(2) 
P%(2) 
P*(3) 
P%3) 
P*(4) 
P%4) 
P-(4) 
P*(5) 
0°(3) 
P%5) 
O~(3) 


2998.7 
2997.6 
2988.7 
2987.0 
2978.6 
2976.2 
2974.7 
2968.4 
2966.1 
2965.5 
2965.5 
2963.5 
2958.2 
2954.7 
2952.2 
2947.9 
2944.9 
2943.9 
2943.9 
2940.9 
2937.6 
2933.0 
2922.3 
2922.1 
2911.2 
2906.5 
2902.3 
2900.6 
2900.3 
2894.8 
2889.4 
2883.0 
2881.0 
2878.9 
2859.6 
2857.1 
2838.2 
2835.3 
2816.8 
2813.1 
2795.4 
2791.4 
2774.0 
2769.2 


2998.5 
2988.0 


2976.8 


2966.3 


2958.4 
(2954.8)* 

2952.5 
(2948.2) 


2944.6 


(2940.8)* 
(2937.4) 
2933.3* 


(2922.5) 


(2912.0) 
2906.9 


2901.2 


2894.7* 
2889.5* 
(2882.6)* 
(2880.9) 
2878.9* 
(2859.7)* 
2857.1 
(2838.3)* 
2835.3" 
(2816.5)* 
2813.3* 
(2795.0) 
2791.4* 
(2773.7)* 
2769.2" 








* Frequency used in the analysis. 


>The bracketted frequencies were measured only from microphotometer traces. 


value of 2.5 cm™ for the half-width of the lines. In the 
fine structure spectrograms a gas pressure of 60 psi 
and a spectral slit width of 1.5 cm™ were used. Under 
these conditions the half-width of unblended lines was 
somewhat less than 3 cm™. 

For frequency calibration an Fe arc spectrum was 
photographed in juxtaposition with each Raman spec- 
trum. The Raman shifts of most of the lines were deter- 
mined by measuring the spectrograms with a Hilger 
comparator and plotting large scale dispersion curves 
with standard Fe lines. Each plate was measured by two 
observers and the results averaged. Very weak or dif- 
fuse lines were measured from density traces recorded 
by a Leeds and Northrup microphotometer. Correc- 
tions for small displacements of the Fe spectrum with 
tespect to the Raman spectrum were made by using 
the known frequency of the Hg line, 2759.712A, which 
falls within the Raman band. Eastman 103a-0 Spec- 
troscopic plates were used. 


Methane gas taken directly from commercial cylin- 
ders fluoresced under irradiation, producing a dense 
continuum which obscured the v3 band. The fluores- 
cence was eliminated by passing the gas through a 
glass-wool filter, condensing it at liquid air temperature, 
and allowing it to evaporate slowly to give the required 
pressure in the Raman tube. 


RESULTS 


The final values of the Raman shifts given in the 
first column of Table I were obtained by averaging the 
results from four spectrograms with exposure times of 
14, 20, 47, and 48 hr. Sixty-eight maxima were measured 
in the Raman pattern as compared with 14 measured 
by Dickinson, Dillon, and Rasetti.! A microphotometer 
trace of the 14-hr spectrogram is shown in Fig. 1; 
beneath the spectrum is plotted the structure of the 
band as calculated from the results of the analysis 
given below. 
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Fic. 1. Microphotometer trace of the y; Raman band of methane. The structure of the band calculated from the 
results of the analysis is plotted under the trace. 
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A Raman line at Av=3071.5 cm™ was measured by 
Dickinson, Dillon, and Rasetti, and also by MacWood 
and Urey,* who interpreted it as the A; part of 27, 
the upper state of this transition being in Fermi 
resonance with the upper state of »;. In the high dis- 
persion spectrograms there is no indication of any line 
extraneous to the rotational structure of v3 in this re- 
gion. It is probable that the line measured by the previ- 
ous investigators at lower dispersion is a group of un- 
resolved lines near the maximum of the R branch. 
Nevertheless, it is certain that a line observed in liquid 
methane®® at Av=3053 cm must be interpreted as 
2v); in this case the rotational lines which are a result 
of anisotropic scattering are greatly broadened by the 
intermolecular forces, whereas 2v2 caused by isotropic 
scattering remains sharp. 

The sharp intense line corresponding to 7; falls in the 
region of the vs band. Since this line was overexposed in 
the fine structure spectrograms, short exposures of the 
order of 15 min were made to permit an accurate 
measurement of the wave-number shift. The value 
obtained was 2916.5 cm™; the values found by Dickin- 
son, Dillon, and Rasetti,! and MacWood and Urey* 
were 2914.8 cm™ and 2914.2 cm™, respectively. 


















ANALYSIS OF THE »; RAMAN AND INFRARED BANDS 






The v3 band arises from the fundainental transition 
of one of the 2 triply degenerate (F2) modes of vibra- 
tin of the molecule. It was pointed out by Teller’ 
that Coriolis interaction between rotation and vibra- 
tion causes a splitting of the rotational levels of the 
v=1 vibrational state. The energy terms of the three 
rotational sublevels are given by 


Fy (J) = BJ (J+1)+2Bii(J+1)—-DP(J+1) 
F\°(J) = B,J (J+1)—DP(J+1) (I) 
Fy-(J)= B,J (J +1) —2BigiJ — DPJ +1)". 


In these expressions B, is the rotational constant and 
(; the vibrational angular momentum for the »=1 
state; the additional term DJ*(J+1)? represents the 
energy caused by centrifugal distortion. The theory has 
been further elaborated by Shaffer, Nielsen, and 
Thomas,® who have considered the Coriolis interaction 
with other vibrational modes, an effect first treated by 
Jahn,® and also second-order interactions including 
centrifugal distortion and anharmonicity. The calcula- 
tions of Shaffer, Nielsen, and Thomas show that for a 
simple valence force field, which is a good approxima- 
tion for methane, the value of D is given by 


D= Bo (16/301) + (5/302”) J, 


where »; and v2 are the frequencies of the totally sym- 
metric and doubly degenerate modes of vibration, 


*G. E. MacWood and H. C. Urey, J. Chem. Phys. 4, 402 (1936). 
* Rank, Shull, and Axford, J. Chem. Phys. 18, 116 (1950). 

* Crawford, Welsh, and Harrold, Can. J. Phys. March, 1952. 
"E. Teller, Hand- und Jahrbuch d. Chem. Physik 9, II (1934). 
* Shaffer, Nielsen, and Thomas, Phys. Rev. 56, 895 (1939). 
°H. A. Jahn, Proc. Roy. Soc. London 168, 469 and 495 (1938). 
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respectively. Assuming Bo=5.2 cm™, the theoretical 
value of D is 1.9X10~ cm“. 

In infrared absorption the ground state combines 
with the »=1 state to give 3 branches R-(J), Q°(J), 
and Pt(J) as observed experimentally by Cooley,!° and 
Nielsen and Nielsen." According to the analysis of 
Cooley’s results by Childs," the formulas (I) do not sat- 
isfy exactly the experimental data. 

In the Raman effect all transitions in accordance with 
the selection rules AJ=0, +1, +2, J’+J”22 are 
allowed between the ground state and the Cortolis 
sublevels of the upper state. Thus, the Raman band 
consisis of 15 sub-branches. The complexity of the 
band is effectively lessened, however, by the differen 
relative intensities of the various sub-branches. As 
stated by Teller,’ the relative intensities for high J 
values are 

S*:.S°: S-=O0-:0°:O0t=15:5:1, 

R*: R®:R-=P-: P®: Pt=10:8:3, 

Q*:0°:0-=6:9:6. 
The highest intensities in the outer regions of the band 
are therefore in the S*+ and O- branches; this is mani- 
festly the structure observed by Dickinson, Dillon, 
and Rasetti. 

In the present investigation evidence for all but one 
(O+) of the 15 sub-branches was found. Because of the 
complex structure of the band many of the maxima 
measured are blends of two or more lines. In the analy- 
sis, therefore, only those lines were used which had 
sufficient intensity for accurate frequency measure- 
ments, and which were shown by a preliminary analysis 
to be unblended. These lines are marked in Table I. 

Assuming rotational energy terms for the ground 
state of the form, 


Fo(J) = BoJ (J +1) -—DI>(J+1)?, 


and the formulas (I) for the v=1 state, the molecular 
constants which can be calculated from the Raman and 
infrared data are Bo, Bi, D, £1, and the frequency of the 
band origin vo. The infrared frequencies of Nielsen and 
Nielsen," corrected to cm™ in vacuum, were used. 


(II) 


DETERMINATION OF wo, Bo—Bi, AND Bifi 


The values of vo, vo+3Bif1, and Bo—B; can be 
obtained directly from the following sum relations: 


(3){R-(J)+ P¥ (J+ 1)} = v0— (Bo— Bi) J+1)’, (A) 


(2){S°(J)+O°%S+ 2)} 
= vo— (Bo— Bi) (J°+3J+3), (B) 


(2){S*J)+0-J+2)} 
= v9+3Bif1— (Bo— Bi)(J?+3J+3). (C) 


It should be noted that only infrared frequencies are 
used in relation (A) and only Raman frequencies in 


10 J. P. Cooley, Astrophys. J. 62, 73 (1925). 
11 A. H. Nielsen and H. H. Nielsen, Phys. Rev. 48, 864 (1935). 
#2 W.H. J. Childs, Proc. Roy. Soc. (London) 153, 555 (1926). 
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Fic. 2. Determination of vo, vo +3Bif1 and Bo—B, from 
the sum relations (A), (B), and (C). 


(B) and (C) and that the centrifugal distortion terms 
on the right-hand side cancel out, provided D has the 
same value in both vibrational states. When the left- 
hand side of (A) or (B) is plotted against the appro- 
priate function, f(/), a straight line is obtained with the 
intercept on the ordinate axis equal to v (Fig. 2). A 
calculation by least squares gives >= 3018.1 cm™ from 
(A) (ignoring the first three points) and »=3018.7 
from (B). The small systematic difference which thus 
appears to exist between the Raman‘and infrared fre- 
quencies is eliminated in the rest of the calculations by 
raising the infrared frequencies by 0.6 cm~. The inter- 
cept for (C) is »+3Bif1= 3019.6 cm. 

A departure from theory is revealed by the fact that 
the slopes of the three straight lines are not the same. 
From (A) and (C) in which lines involving Fy*+ and F;- 
states are used, the values of By— B, are nearly equal, 
but differ markedly from the value obtained from (B) 
in which lines involving F;° states are used. It seems 
advantageous, therefore, at this stage of the analysis 
to designate by superscripts on the B’s the type of 
states involved in the derivation. Thus, the convergence 
factors are 


Bot -— B,+ -=0.035, from infrared data, 


Bot ~—Bi Piso 
B.°—B,°=0.050, from Raman data. 


The value of Bif; can be found in two ways: 


(a) The difference of the intercepts for relations (B) 
and (C) gives directly 3B,f,=0.9 cm“. 
(b) The combination relation 


(fa) {S*(J—1)+0-(J)—R-(J) —P#J—1)} = Bi (D) 


gives as the average of six values By{i1=0.29 or 3Bif1 
=0.87 cm. The two values are in fair agreement; 
however, the second is considered the more accurate 
and is used in the subsequent calculations. 


ST. JOHN, AND WELSH 


DETERMINATION OF THE ROTATIONAL CONSTANTS 
BY COMBINATION DIFFERENCES 


The rotational constants, B and D, for the lower and 
upper vibrational states are usually evaluated from 
appropriate difference relations. Since the infrared (° 
branch has not yet been resolved, Raman data alone 
must be used in calculating Bo® and B,°; the S° and 0! 
lines are most suitable for the purpose. The constants 
for F+ and F~ states can be determined from combina- 
tion differences of Raman and infrared frequencies. 
This procedure should be most satisfactory when S* and 
O~ lines are used since these are the most accurately 
measurable Raman frequencies and yield the largest 
combination differences with the infrared frequencies. 
The difference relations derived from Eqs. (I) are 


{1/(8J+4)}{S°(J —2)-O%J+2)} 
= By— Dy(2P-+2J+8), 


{1/(8J+4)}{S°J)-O°"(J)} 
= B,°— D,°(2J?+2J+8), 


{1/(6J+12)}{S*(J)-—P*tJ+3)} 
= Bot — Dot (27°-+ 8J+ 12), 


{1/(6J+12)}{R-(J)—O-(J+3)} 
= Bo — Do (2P°+ 8J+ 12), 


{1/(6J+6)}{S*(J)—P*(J)—6Bif 3} 
= By+—D,*(22+4J+6), (1) 


{1/6J}{R-(J)—O-(J) +6 Bis} 
= By, —D,-(2/°+4J). (J) 


When the left-hand side of each relation is plotted as 
ordinate with f(J) as abscissa, a straight line is ob- 
tained whose intercept and slope are B and D, re- 
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Fic. 3. Determination of Bo®, Do®, Bi°, and D,° from the 
difference relations (E) and (F). 
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spectively. In Fig. 3 the graphs for (E) and (F) are 
shown. The constants obtained from the six relations 
by a least-square analysis are 


By°=5.253, Dy°=1.9X10, 
Bot =5.232,  Dyt=1.5X10-, 
Bo-=5.233, Dy-=1.0X10-, 


BY =5.200, _D,°=1.6X10~, 
By =5.202, Dy*=1.0XK 10, 
By, =5.197, D,;-=0.8X 10. 


The surprising feature of these results is that Bo° 
is very different from Bot and Bo although the three 
values for B, are nearly equal. Also, Do° is 1.9X10~, 
equal to the theoretical value, while all the other D 
values are lower. There is, however, a certain con- 
sistency in the analysis since Bo°—B,° is 0.053 in 
reasonable agreement with the value 0.050 from (B), 
and Bot -— By* — is 0.033 as compared with the values 
0.035 and 0.036 from (A) and (C). The constants also 
reproduce accurately the frequencies of the lines from 
which they were derived. It might be expected that 
these values of the rotational constants would repro- 
duce also the frequencies of the lines not used in the 
analysis. However, the calculated frequencies of the 
R’, P®, S-, R*+, and P- lines differ from the observed 
frequencies by as much as 2 cm“, that is by an amount 
greater than the experimental error. 

There is in addition a fundamental difficulty which 
arises from the results of this analysis; each rotational 
level of the ground vibrational state, as well as of the 
upper state, appears to be split and the splitting is 
proportional to J(J+1). This type of perturbation 
might well occur in the upper state through a Coriolis 
interaction with the £ part of the nearby »=2 state of 
». However, according to Jahn’s rule,” the ground 
state (A,) cannot be perturbed by a Coriolis interaction 
with any of the lower vibrational states of the mole- 
cule. A splitting of the rotational levels in consequence 
of centrifugal distortion’* also seems unlikely since 
there is no reason why the sublevels should be desig- 
nated as Fot+, Fo°, and Fo-, as they are according to this 
analysis. It must therefore be concluded that the 
straightforward analysis based on combination rela- 
tionships has yielded a result which is not understand- 
able from the theoretical viewpoint. 


DETERMINATION OF B, ASSUMING AN 
UNPERTURBED GROUND STATE | 


The basic assumption in the calculation of Bo by a 
difference relation is that the upper rotational states 
ate the same for the two branches involved. If the 
splitting of the rotational levels of the ground state as 
manifested by the aforementioned different values of 
By is considered an unacceptable result, it must be 
assumed that the sublevels of the upper state, Fi*+(J), 
FJ), and F,-(J), can have different values for the 
ee 


"H. A. Jahn, Phys. Rev. 56, 680 (1939). 
“E. B. Wilson, J. Chem. Phys. 3, 276 (1935). 
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Fic. 4. Determination of B,° and D,° from S°® and 0° 
Raman lines, assuming B°= 5.253. 


various branches. In the analysis which follows, the 
ground state is assumed to be unperturbed and the 
constants, By and Do, are taken to be equal to B® and 
D,° as calculated above from relation (E). It will be 
shown that these values lead to a consistent analysis 
of the Raman and infrared v; bands and also of the 
infrared 2v; band. 

The rotational energy terms of the upper vibrational 
state can be calculated from the frequencies of the 
observed transitions and the known values of Bo, Do, 
and vo. The formula for the S* lines is quoted as an 
example, 


F,+(J)=S*+(J—2)— vot Bo(J —2)(J—1) 
—D(J—2)*(J—1)%. (11) 


Rotational constants for each branch are then obtained 
graphically from relations, derived_from Eqs. (I), of 
the type 


Fy+(J) —2Bigi(J +1) 
J(J +1) 


The points for both the S° and the O° branches (Fig. 
4) lie on a reasonably well-defined straight line from 
which the values, B,°=5.203 and D,;°=1.8X10~ are 
obtained. The convergence factor, Bo—B:°=0.050, 
agrees with that calculated from relation (B). Although 
comparatively few R° and P° frequencies are available, 
the points for the two branches lie on the same straight 
line, indicating common upper states and giving B,° 
=5.217 and D,°=1.8X10~. Thus, the upper states for 
the R° and P® lines are not the same as those for the 
S° and O° lines. 

The points for the St and O~ lines lie on two very 
different straight lines (Fig. 5) giving By*=5.206, Dy* 
=1.0X10, and By-=5.235, D;-=3.8X10.% The 
average value of the convergence factor, By— By*~, is 
0.034, in satisfactory agreement with the value 0.036 





=By+—D,+J(J+1). (IV) 


16 Although the D, values for the S*t and O~ branches are not 
equal to Do, relation (C) is still valid since a computation shows 
that the centrifugal stretching terms effectively cancel. 
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Fic. 5. Determination of B; and D, from S*+ and O- 
Raman lines, assuming By= 5.253. 


from relation (C). For the weak S~ and O* series the 
experimental data are insufficient to carry out an 
analysis. The points for both infrared branches, R~ and 
Pt, fall on the same straight line (Fig. 6) with B,* 
= By =5.217, D,;t=Dr= 1.8 10, and Bo— By 
=0.036 in good agreement with the value 0.035 from 
relation (A). Only five lines of the R~ and P* series 
could be measured in the Raman spectrum since these 
are the weakest of the R and P sub-branches. The aver- 
age difference between the Raman frequencies and the 
corresponding infrared frequencies is 0.4 cm™. Thus, 
it is probable that the upper states for the R~ and Pt 
lines are the same in Raman effect and in infrared ab- 
sorption. For the R+ and P~ series the points on the 
graph (Fig. 7) are more scattered, but there is no doubt 
that the constants for the two branches are the same, 
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Fic. 6. Determination of B,; and D,; from R~ and Pt 
infrared lines, assuming Bo=5.253. 
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By;+= By, =5.234 and Dyt= Dy; =2.9X 10~*. The re- 
sults of the analysis are summarized in Table IT. 

When the constants obtained from the R~ and P+ 
branches are used to calculate the infrared frequencies, 
the experimental values are reproduced to within 0.1 
cm™ on the average. Since the analysis shows that the 
same rotational constants satisfy both R- and Pt 
branches, it should be possible to calculate Bo and B, 
by combination differences of the infrared frequencies, 
A least-squares analysis of the data with the relation, 


{1/(4J+6)}{R-(J)— Pt(J+2)} 
= Bo— Bifi— Do(2J°+6J+6) (K) 


gives Bo=5.249, Do=1.7X10, and B,=5.216, D, 
= 2.0 10~, which show a satisfactory agreement with 
the aforementioned values.'* A further test of the con- 
sistency of the analysis is afforded by the evaluation 
of B,f; from infrared data. It can be easily shown from 
Eqs. (I) that 


BYi={FitJ)—Fr()}/22I+1). (V) 


The average of ten values is Bif;=0.290+-0.003 which 
confirms the value obtained from (D). 

When the constants of Table II are used to calculate 
the Raman frequencies, the agreement with the ex- 
perimental values is very good as shown in Table I. 
The average discrepancy between observed and calcu- 
lated frequencies for the 42 lines used in the analysis 
is only 0.14 cm™. The diagrammatic presentation of 
the spectrum under the microphotometer trace in Fig. ! 
was prepared from the calculated frequencies. Relative 
intensities are indicated in the diagram by the width 
of the lines. The total intensity of a given branch line 
(e.g., S(6)) was calculated from the formulas of Placzek 
and Teller’ with statistical weights due to nuclear 
spin as given by Wilson.!* However, the intensity dis- 
tribution in the components of a given branch line 
[e.g., S*+(6), 5°(6), and S~(6) ] is only approximate; the 
matrix elements for the sublevels are not available, and 
it was necessary to use the relative intensities given in 
Eqs. (II) which are correct only for high J values. For 
low J values there are apparent intensity anomalies; 
thus, for P(2) it is easy to show from the symmetry 
species of the states involved that P~(2) has zero in- 
tensity, and from the experimental results it appears 
that P+(2) has the greatest intensity. For the sake of 
completeness the weak branches, S~ and Ot, have been 
included in the diagram although the constants for 
these lines could not be evaluated; average values, 
B,=5.220 and D,=1.9X10~, were assumed. 

It therefore appears that a single value of By and the 
array of values of B,, given in Table II, account for the 
structure of the Raman and infrared spectra. The pet 


16 The lack of agreement with the theoretical formulas, found 
by Childs (see reference 12) for the infrared vs band, appears to be 
the result of the use of incorrect combination relations and neglect 
of the D term. 

17G. Placzek and E. Teller, Z. Physik 81, 209 (1933). 

18 E. B. Wilson, J. Chem. Phys. 3, 276 (1935). 
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turbation apparent in the spectrum has been ascribed 
oly to the excited vibrational state; in this respect 
this analysis is more satisfactory from the theoretical 
viewpoint than the analysis based only on combination 
relationships. However, the multiplicity of B, values 
is not immediately understandable. The most obvious 
perturbation of the rotational levels of the »=1 state 
of v3 is that resulting from a Coriolis interaction with 
the nearby and slightly higher »=2 state of v2. From 
the calculations of Jahn® on a similar but much stronger 
perturbation of ™ by v2, it appears that the Fy*, F,°, 
and F,~ sublevels are split and also depressed from the 
unperturbed values. If the perturbation is small, as 
seems to be the case for v3, the splitting of the sublevels 
would lead only to a broadening of the spectral lines, 
and the average depression of the sublevels would vary 
as J(J+1). The depression would not be the same for 
the three sublevels and would give in effect different 
values for By+, B,°, and By-. These B, values could also 
vary slightly for the different changes in J, AJ=0, +1, 
+2, since the effective center of a given sublevel would 
not necessarily be the same for different transitions to 
that sublevel. This explanation, however, does not 
















TaBLE II. Rotational constants of the upper state of the vs band 
of CHy, assuming Bp=5.253 cm™ and Do=1.9X 10~ cm™. 





























Branch Bi (cm) Di (cm X104) 
O- (R.E.) 5.235 3.8 
R*, P~ (R.E.) 5.234 2.9 
R®, P° (R.E.) 5.217 1.8 
R-, Pt (1.R. and R.E.) 5.217 1.8 
S* (R.E.) 5.206 1.0 
5°, 0 (R.E.) 5.203 1.8 















adequately account for the distribution of B; values in 
Table II. It is probable that second-order perturbations 
asa result of centrifugal distortion and anharmonicities, 
such as those considered by Shaffer, Nielsen, and 
Thomas, are of the same order of magnitude as the 
perturbation caused by Coriolis interaction with 272. 
An examination of the problem from this point of 
view might explain the different values of B, and Dy. 

The average internuclear distance for the ground 
vibrational state*ro, as calculated from the Raman 
value By=5.253, is 1.0927 10-* cm. With the value 
By=5.249 obtained from infrared data by relation 
(K), ro is 1.0930 10-8. These values of 7» are probably 
of the same order of accuracy. 





















THE STRUCTURE OF THE Q BRANCH 


Although the individual lines of the Q branch were 
hot resolved, the contour at high dispersion is striking; 
there is a sharp maximum of intensity at Av=3021.5 
cm, a broad maximum at about Avy=3017 cm™, and 
then a gradual decrease in intensity towards smaller 
frequency shifts (Fig. 1 and on a larger scale Fig. 8). 
According to Eqs. (I) the structures of the three Q 
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7. Determination of B; and D,; from Rt and P- 
Raman lines, assuming Bo=5.253. 
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sub-branches are given by 


Ot: v=— (Bo— By) J (J+1)+2Bi51(J +1), 
O:v= vo— (Bo— Bi) J(J+1), 
QO-:v= ee (Bo— By) J (J+1)—2Biv J. 


Since Bo—B, and B,f; are positive, the Q° and Q- 
branches are degraded to lower frequency shifts, and 
the extent of Q- is greater than that of 0°. For Q*, on 
the other hand, 2B,¢:(J+1) is greater than (By—B;) 
XJ(J+1) at small J values and less at large J values; 
hence this branch forms a band head, which corresponds 
to the observed maximum at Av=3021.5 cm. At low 
dispersion this head is the most prominent feature of 
the Q branch and has been measured by the earlier 
workers as v3. Actually, the band origin, as found from 
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Fic. 8. Microphotometer trace of the Q branch of the vs; Raman 
band. The structure of the branch calculated from the results of 
the analysis is plotted under the trace. 
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relation (B), is at Av=3018.7 cm™, close to the mini- 
mum. Assuming the values By°— B,°=0.050 and Bot— 
— B;+~=0.035, the frequencies of the Q branch lines 
were calculated and are plotted, with approximate 
intensities, under the microphotometer trace in Fig. 8. 
It is evident that all features of the contour are re- 
produced. 


ANALYSIS OF THE 2v; INFRARED BAND 


The values of the rotational constants Bo and Do 
obtained from the v3; Raman band can be used in an 
analysis of the 2v3 infrared band, for which experi- 
mental data are available in recent papers by Nelson, 
Plyler, and Benedict,!* and by McMath, Mohler, and 
Goldberg.”° In the following calculations the frequencies 
quoted by the former authors have been used. 

The branches of the 2v3 infrared band can be desig- 
nated as R*+(J), 0°(J), and P-(J), the upper rotational 
levels of which are given by equations similar to (1). 
The band origin vp and the convergence factor Bo— Be 
can be found from the relation 


(){R*(J—2)+ P-J+1)} 


= ¥y—2By—(Bo— B:t-)J?, (M) 


and also, since the Q branch lines were resolved, from 
the formula 


0°(J) = v— (Bo— Bo") J(J+1). 
A graphical solution gives the values v»>—2Bo= 5994.22 


(N) 


cm, Bo—Bz+-=0.062 from (M), and »=6004.71, 
By—B2°=0.067 from (N). Assuming Bo=5.253, the 
19 Nelson, Plyler, and Benedict, J. Research Natl. Bur. Stand- 


ards 41, 651 (1948). 
20 McMath, Mohler, and Goldberg, Astrophys. J. 109, 17 (1949). 
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value of vp from (M) is 6004.73 in good agreement with 
the value from (N). 

The difference between the values of Bo—B»° and 
B .— Bz*— shows that for the 2v3 band, there is a de- 
parture from the simple theory similar to, but not as 
great as, that found in the v3 band. It seems therefore 
appropriate to carry out an analysis of the same type 
as that used for vs. Assuming Bop=5.253 and Do=1.9 
X10, the upper rotational energy terms F;*(J), 
F,°(J), and F;-(J) are calculated from the frequencies 
of the R*, 0°, and P- lines, respectively, by expressions 
analogous to (III) above. If the Bz values for the Rt 
and P- branches are equal, as was found for the », 
band, the value of Bef. can be calculated readily from 
an equation corresponding to (V). The average of nine 
values gives Bof.=0.168+0.002 cm™. The rotational 
constants for the upper state, calculated by equations 
corresponding to (IV), are By°=5.187, D2°=2.1X 10-, 
and Byt-=5.193, De}-=2.3XK10~. Consistency in the 
analysis is shown by the agreement of the values of 
By— Bz with those obtained from relations (M) and 
(N). The derived constants reproduce the observed 
frequencies up to J/=9 with an average discrepancy of 
less than 0.1 cm~!. The value of £2 as calculated from 
Bzt $2 is 0.0324. 

These constants for the 2v3 band differ slightly, but 
significantly, from those given by Nelson, Plyler, and 
Benedict. The fact that two values of Bz are found for 
2v3 from infrared data alone shows that the rotational 
levels of the v=2 vibrational state are probably per- 
turbed in a way similar to that found for v3. However, 
since no Raman data exist for 2vz, the nature of the 
perturbation cannot be studied in greater detail. 
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Emission and Absorption of Radiation by Spectral Lines with Doppler Contour* 
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Equations are developed for observable intensities in emission and absorption for spectral lines with 
Doppler contour. It is shown that the theoretical relations which are usually employed in estimating effective 
temperatures of internal energy states (a) require slight modifications when proper allowance is made for the 
shape of spectral lines, and (b) are not valid unless the product of spectral absorption coefficient and optical 
density is sufficiently small. Illustrative calculations on several spectral lines belonging to the (0,0) band of 
the 22—"II band system of OH suggest that the conditions under which the basic relations hold are probably 


not satisfied for representative combustion flames. 





T is well known that the emission of radiation in the 
visible and ultraviolet regions of the spectrum does 

not make an important contribution to the total 
equilibrium flux of radiant energy at the temperatures 
which are normally encountered in combustion cham- 
bers. Radiant energy transfer in these spectral regions is, 
however, of great importance in spectroscopic studies 
for estimating population temperatures (i.e., rotational, 
vibrational, and electronic temperatures). Since most of 
this work is carried out at atmospheric pressure or even 
at subatmospheric pressures, as in low pressure com- 
bustion flames, it is of obvious interest to examine the 
intensities of radiation emitted for Doppler-broadened 
lines. The results are immediately applicable to such 
problems as emission and absorption intensities of OH, 
C,, CH, etc.,° especially in low pressure flames. For 
emitters with large optical collision diameters such as 
sodium, and at moderate and elevated pressures for 
other chemical species, it is necessary to extend the 
theory discussed in the present report to spectral lines 
whose contour is described by combined collision- and 
Doppler-broadening. 

Since one of the important applications of the present 
discussion is to the interpretation of spectroscopic data 
obtained in emission and absorption on flames, the 
lollowing treatment will be presented in such a way as to 
make the results useful to the spectroscopist. In par- 
ticular, we shall demonstratef the following: 


(1) For Doppler-broadened lines the maximum intensity of 
spectral lines observed in emission is proportional to the third 
power of the frequency rather than to the fourth power of the 
Itequency. 

(2) For Doppler-broadened lines the maximum intensity of 
spectral lines observed in absorption is independent of frequency 
and not proportional to the frequency. 

(3) In absorption experiments particular care must be taken to 
correct for the spectral emission characteristics of the light source. 


We shall allow for the possibility of lack of occurrence 
of equipartition of energy among the various degrees of 


"Supported: by the ONR under contract Nonr-220 (03), 
NR 015 210. 

{The treatment given in this report does not allow for instru- 
mental distortions of experimental data. If the instrumental 
distortions do not depend on frequency, then the conclusions of the 
Present analysis will remain unchanged. 


freedom by designating the translational (kinetic) tem- 
perature by T,, the temperature of the upper energy 
states by T,,, and the temperature of the lower energy 
states by 7;. A further generalization to represent the 
temperatures of internal degrees of freedom as a func- 
tion of energy level can be introduced without difficulty 
but will not be considered in the present discussion. 

The results of the present analysis indicate that the 
optical densities of the chemical species OH are too 
large, in representative combustion flames, to permit 
the type of interpretation of experimental measure- 
ments which is usually made, unless the reported 
f-values for spectral lines of the ?2—*II band system and 
(0,0) transitions are much too large. 


I, INTENSITIES IN EMISSION 


The integrated absorption S;, of a spectral line re- 
sulting from an energy change from the upper energy 
level E, to the lower energy level E; is given by the well- 
known relation! 


Sts = (6424/30?) Nu(vin)*(Giu)?/cp (vin), (1) 


where c= velocity of light ; V,,= number of molecules per 
unit volume per unit pressure in the upper energy state; 
Yiu= frequency of the emitted or absorbed radiation at 
the center of the line, which is obtained from the Bohr 
frequency relation; q:,=matrix element corresponding 
to transitions between the two given energy states; and 
p°(viu) = volume density of blackbody radiation at the 
frequency vz, aS given by the Planck distribution law. 

The integrated intensity of a single emitted spectral 
line is obtained from the relation! 


f Radv=} f cp°(v)[1—exp(— P,X) ]dv, (2) 
Avilu Avlu 


where Av;, is a suitable spectral range including the 
spectral line under study, R,= spectral intensity of the 
emitted radiation, P,=spectral absorption coefficient, 
X=optical density of the emitters. For the Doppler- 
broadened spectral line whose center lies at the fre- 


1For the origin of this relation see, for example, A. C. G. 
Mitchell and M. W. Zemansky, Resonance Radiation and Excited 
Atoms (Cambridge University Press, London, 1934). 
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quency vz, the spectral absorption coefficient P, is 


Py=S w(me?/2rkT 1,7) 
Xexpl—(me?/2kT wi?)(v—vin)?], (3) 


where m represents the mass per molecule. 

The optical density X of emitters used in combustion 
spectroscopy for determining rotational, vibrational, or 
electronic temperatures may be so small that it is 
permissible to expand the exponential in Eq. (2) re- 
taining only the first two terms.’ Furthermore, the range 
of frequencies for which P,X is significantly different 
from zero is so narrow that p°(v) may be replaced by 
p*(viu)- Thus 


f R,dv=1icp"(vi,)X P,dv=icp(vin)SiuX. (4) 
Avlu 


Avi 


Comparison of Eqs. (1) and (4) leads to the conclusion 
that 


R,dv/(viu)*gu(qiu)? 


Avlu 
= (1674N X/3c°Q) exp(—E.u/kT.), (5) 
where JV, has been replaced by 
Nu=Ngu exp(—Eu/kTx)/Q, (6) 


with V=total number of molecules per unit volume per 
unit pressure, g,= statistical weight of the upper energy 
state, Q=complete partition function. The optical 
density X appearing in Eq. (5) refers to all of the 
emitting molecules independently of the energy state in 
which they happen to be. Hence we obtain from Eq. (5) 
the following useful result 


) nf f Rav [ (owe? ' 


dE, kT, 





(7) 


Equation (7) is the relation which is usually employed 
for the determination of temperatures from emission 
spectra for various internal degrees of freedom. 

In practice it is convenient to measure (R,) max, i.€., 
the maximum intensity of the various spectral lines, 
rather than the integrated intensity. However, in this 
case Eq. (7) does not apply exactly since allowance must 
be made for the frequency dependence of the Doppler- 
width of spectral lines. From Eq. (3) it is apparent that 
the maximum value of the spectral absorption coeffi- 
cient, corresponding to the maximum value of R,, is 


(Py) max=S tu (me?/2rkT 1)*(1/v in). (8) 
Hence 


(Ry) max=t¢p(viu)S 1X (me?/2rkT :)*4(1/viu) (9) 


* This approximation is examined critically for OH in Sec. III. 
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and the relation corresponding to Eq. (5) is 


(R,) onal tu) Zu (q lu)? 
= (1614 X/3c0)(me?/2akT ,)* exp(—Ey/kT.). 


Thus 


(10) 


0 In[(R,) max/ (Yiu) ®gu(qiu)? | 7 
Ey 7 





and the factor (v,)* is seen to replace the factor (v;,)! 
which is normally employed for Doppler-broadened 
spectral lines. It should be noted that implicit in Eq. 
(11) is the assumption that the translational tempera- 
ture, which determines the Doppler-width of spectral 
lines, is uniform and, in particular, is independent 
of Viu- 


Il. INTENSITIES IN ABSORPTION 


In an absorption experiment the integrated intensity 
of the transmitted radiation is given by the relation! 


f Rava [ Ro,Lexp(— P,X) ]d», (12) 
Aviu Avlu 


where Ro, represents the spectral intensity of the 
incident radiation. For the sake of simplicity we consider 
the case in which the light source may be treated asa 
greybody emitter in the wavelength range for which 
measurements are made. Thus 


Roy= iE.cp,(T;), 


where £, is a constant independent of frequency and 7, 
represents the temperature of the source. For absorption 
measurements on minor component species such as OH, 
CH, Cs, etc., in flames the assumption is made again 
that it is sufficient to retain only the first two terms in 
the expansion of the exponential in Eq. (12).? Thus, for 
a single spectral line, 


i) R,dv~j E,Xc 
Avlu 


. 4 p(T .)dv—ZEX cp yiu(T s)Stu; (13) 


Avlu 


but! 
Stu=(N Birsu—NuBushvu/c, (14) 
where 


Ni=Ngilexp(—£E,/kT 1) 1/Q (6a) 


represents the number of molecules per unit volume per 
unit pressure in the lower (initial) energy level E; whose 
statistical weight is g:, Bis equals the Einstein coefi- 
cient of induced absorption, and B,.4; is the Einstein 
coefficient of induced emission. Since’ 


£1B ru = Busigu 
3See, for example, E. C. Kemble, Fundamental Principles of 


Quantum Mechanics (McGraw-Hill Book Company, Inc., New 
York, 1935), p. 450. 
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and 
Busi=(2/8rhvy,*) Aust, 


where A,: is the Einstein coefficient of spontaneous 
emission, it follows that! 


Bes vin= (82°/3h) v1u(Qiu)?. (15) 
Introduction of Eqs. (6), (6a), and (15) into Eq. (14) 
leads to the result 
Stu= (8a°N/3hcQ)v 1u(9iu)*gulexp(—Ei/kT 1) ] 
X {1—expl(—E./kT.)+(Ei/kT 1) ]}. (16) 


For representative spectral lines arising from electronic 
transitions in the visible and ultraviolet regions of the 
spectrum and for reasonable values of T;, Ty 


exp[ (— E,/kTu)+ (E/kT?) J<1, 


whence Eq. (16) can be replaced by the following close 
approximation : 


Siu= (8°N/3hcQ)v u(Qiu)?gu exp(—E,/kT)). (17) 
From Eqs. (13) and (17) the following useful relation is 


TaBLE I. Representative values of integrated absorption for 
spectral lines of the *2- II, (0,0) band of OH. 








(T/273.1)Stu X10-4, 











Line vlu, cm=t cm~2-atmos~! 
Q; (1) 32,474.58 1.64 
(2) 32,458.65 2.06 
(3) 32.441.90 2.28 
(4) 32,423.63 2.46 
(5) 32,403.47 2.55 
(6) 32,380.99 2.64 
Rz (1) 32,415.51 0.97 
(2) 32,455.70 1.04 
(3) 32,489.49 1.10 
obtained : 
1E,.Xc J p(T ,)dv— J R,dv 
Avlu Avlu 


= (297°NE.X/3hQ) pv1u(Ts) 
X viu(Qru)?gu exp(—E,/kT1). (18) 


The quantity appearing on the left-hand side of Eq. (18) 
_ evidently represents the total integrated absorbed in- 


tensity resulting from the energy transition E;>E,, and 


| will be designated by the symbol /4»1, A,dv. From Eq. 
_ (18) it is evident that 


| vil( fade) /rus(an)o%aa(T.)| , 





=—-—., (19) 
OE, kT; 


| Absorption experiments are generally performed with a 
| gteybody light source whose temperature 7, is ap- 
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preciably greater than the excitation temperature T; of 
the lower energy levels. Hence p°,1,(7,) will be sub- 
stantially independent of EZ; and Eq. (19) reduces to the 
usual form for estimates of population temperatures on 
the lower internal energy states. It is, however, evident 
from Eq. (19) that the spectral distribution of the light 
source can affect the experimental results in a very 
significant way if the light source does not possess the 
assumed spectral radiation characteristics or if the range 
of values of E; considered covers too wide a frequency 
range. 

If peak intensities, rather than integrated intensities, 
are measured in absorption, then, proceeding as in 
Sec. II, Eq. (18) should be replaced by the relation 


(A) max = (20°NE,X/3hQ)(me?/2rkT 1)* py 1u°(T ) 
X (qiu)*guexp(—E,/kT 1) (20) 
] v/ max, u 3 v .. 8 
0 In[ (Ay) max/8 (Qiu)? pviw(T 1) 
OF; kT, 


and 





Reference to Eq. (21) shows that the factor v;, disap- 
pears altogether for Doppler-broadened rotational lines 
if maximum absorption intensities are measured. 


Ill. APPLICATION TO EMISSION AND ABSORPTION 
STUDIES OF REPRESENTATIVE LINES OF OH 


The derivation of Eqs. (7) and (11) was based on the 
approximations 
1—exp(— P,X)~P,X (22) 
and 
1—exp[ —(P») maxX }~(P») maxX, (23) 


respectively. Since (P,)max2P, we shall examine the 
range of numerical values (Py)maxX which is en- 
countered in representative combustion flames. 

It is readily shown that the experimentally de- 
termined oscillator strengths f;, for transitions between 
the lower energy level EZ; and the upper energy level E, 
are related to S;, according to the expression 


Stu=2.3789X 107(273.1/T) fia; (24) 


where S;, is expressed in cm~*-atmos™ at the tempera- 
ture T. 

Oscillator strengths for representative spectral lines of 
OH for the ?2—*II band system for (0,0) transitions 
have been reported by Oldenberg and Rieke* but should 
be multiplied by the factor 4.2.5 Representative nu- 
merical values of (7/273.1)S1, for several members of 
the Q,- and R2-branches are summarized in Table I. The 
numbers in parentheses given after the branch desig- 
nations refer to the values of K in the notation of Dieke 
and Crosswhite.® Also listed in Table I are the relevant 
values of vzy,.° Representative values of S;, and of 

40. Oldenberg and F. F. Rieke, J. Chem. Phys. 6, 439 (1938). 

5 R. J. Dwyer and O. Oldenberg, J. Chem. Phys. 12, 351 (1944). 

6 G. H. Dieke and H. M. Crosswhite, ‘The ultra violet bands of 


OH, fundamental data,” Bumblebee Series Report No. 87 
(November, 1948). 
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TABLE II. Numerical values of S;, and (P,)max for Q: (6) of the 
22—, (0,0) band of OH, as a function of temperature. 








(Py) max X10-3, 
cm! atmos™ 


38.1 
13.5 


°K 


1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 
10,000 


Siu X1073, cm~?-atmos™ 
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(P,) max for Q; (6) are listed in Table II as a function of 
temperature. The numerical values of (P,)max were 
calculated from S;, according to Eq. (8). 

Reference to Table II shows that the numerical values 
of (P,)max for the Q,(6) spectral linet are exceedingly 
large and that, therefore, the approximation of Eq. (23) 
can be justified only for very small values of the optical 
density X. In representative emission experiments from 
low pressure combustion flames the partial pressure p of 
OH may be of the order of 10-* atmos, whereas, the 
radiation path length Z is in the neighborhood of 10 cm. 
For flames burning at higher pressures, p will increase 
while Z decreases in such a way that X=/L remains 
nearly constant. Hence it appears that the so-called 


t It is evident from the data listed in Table I that the numerical 
values for other lines are of the same order of magnitude as the 
listed data for Q, (see reference 6). 
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“abnormal rotational temperatures,” which have been 
reported by different investigators,’~* may be the result 
of erroneous interpretation of experimental data unless 
the experimentally determined oscillator strengths are 
in error and should really be much smaller than reported 
by Oldenberg and collaborators.*:* On the other hand, it 
appears likely that for sufficiently large values of K, 
Sy, and (P,) max will decrease sufficiently to validate the 
approximation of Eq. (23). Thus the rotational tempera- 
tures obtained from data on large values of K may be 
significant although the “more normal rotational dis- 
tribution”’ of the lines with small values of K cannot be 
accepted as valid experimental evidence unless the 
reported f-values for spectral lines of OH are much too 
large. 

An obvious extension of the preceding discussion to 
rotational temperatures determined from absorption 
experiments would appear to raise serious objection to 
the so called “normal rotational temperatures of OH” 
reported from absorption measurements. However, in 
this case the available experimental evidence on the 
measurement of rotational temperatures® seems so con- 
vincing that a serious reexamination of f-values appears 
to be indicated.'° 


7 A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London 
194A, 169 (1948), and later publications. 

8 Penner, Gilbert, and Weber, J. Chem. Phys. 20, 522 (1952). 

°H. P. Broida, in National Bureau of Standards Report No. 
1123 (August 20, 1951). 

10 Theoretical calculations of f-values for OH have been carried 
out by R. S. Mulliken, J. Chem. Phys. 8, 382 (1940). 
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Equations are developed which show the maximum amount of information which can be obtained con- 
cerning the force constants with isotopic linear molecules. It is demonstrated that a unique solution can be 
found in terms of the expressions D,Ax, ZiAx?, and ZA, where \z=42y;2, provided the »; are known for 
the “unsubstituted” molecule and for certain isotopic molecules involving respectively single, double, and 
triple substitutions; i.e., if ABCD--- is the unsubstituted molecule, isotopic molecules of the types 
A*BCD::--, AB*CD:--, etc., A*B*CD---, etc., and A*B*C*D---, etc., are required. More than two iso- 
topic forms (such as A and A*) of any given atom are not required. 

For the triatomic molecule, only the singly substituted forms are required (this is also true for the per- 
pendicular vibrations of the tetratomic molecule). It is also found that the force constants of the sym- 
metrical linear molecule may be found using only symmetrical isotopic molecules; the number of these re- 
quired is naturally less than the number required for an unsymmetrical molecule having the same number 


of atoms. 





I. INTRODUCTION 


T is well known that the number of fundamental 

vibration frequencies is insufficient for a complete 
evaluation of all the parameters of the most general 
vibrational potential energy function except for a few 
simple and symmetrical polyatomic molecules, such as 
symmetrical linear XY, triangular symmetrical X3, or 
tetrahedral X,4. In these exceptional cases, the factoring 
of the secular determinant by symmetry leads to one- 
by-one factors of the determinant, so that the number 
of potential constants is identical with the number of 
fundamental frequencies. In more general cases, the 
number of potential constants is given by 


p=(3)L n(n +1), (1) 


where 2‘ is the size of the secular determinant corre- 
sponding to the yth symmetry species. Since the num- 
ber of fundamental frequencies is 


f=LUymn™, (2) 


itis apparent that there are insufficient experimental 
data unless m‘Y=1 for all species. Furthermore, the 
equations connecting the force constants and the fre- 
quencies are respectively linear, quadratic, cubic, etc., 
in the force constants so that even if some force con- 
stants were put equal to zero as an approximation, 
ambiguities would remain on account of the multiple 
roots of the quadratic, cubic, and higher equations. 
However, the potential energy should be independent 
of the atomic masses, so that isotopically related mole- 
cules should yield additional experimental data for the 
determination of the force constants. In this connection 
itshould be mentioned that not all such data are inde- 
pendent, as is shown by the existence of the product 


ee 


* Published with approval of the Monographs Publication Com- 


p uttee, Oregon State College, as Research Paper No. 189, School 
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rule,’ the sum rule,’ and possibly other relations. It is 
therefore a problem of some importance to determine 
the conditions under which a complete solution for the 
force constants can be obtained. Since the treatment 
of the linear molecule is considerably simpler than that 
of the general polyatomic molecule, it will be discussed 
immediately after the following section, which formu- 
lates the general approach to the problem. 


II. SYMMETRIC FUNCTIONS OF THE FREQUENCIES 


Following the method of Wilson*® the potential and 
kinetic energy of the molecule are represented by the 
(symmetric) matrices F and G, respectively, where 


2V=) Fisgigi (3) 
and 


2T =D. Gispihi, (4) 


the g’s and p’s being any suitable set of coordinates 
and their conjugate momenta, respectively. Since the 
secular determinant can be written as 


|'FG—\E| =0, (5) 
where 
A\=4r’r’, (6) 


it follows from the fundamental properties of the char- 
acteristic values of matrices that the sum of the 
diagonal terms of FG is equal to the sum of the char- 
acteristic values: 


> F;G;:=> A= 01. (7) 
ij k 
It is also possible to find relations between the ele- 


10. Redlich, Z. physik. Chem. B28, 371 (1935). E. Teller, 
quoted in W. R. Angus et al., J. Chem. Soc. 971, 1936. 

2J. C. Decius and E. Bright Wilson, Jr., J. Chem. Phys. 19, 
1409 (1951). 

3E. Bright Wilson, Jr., J. Chem. Phys. 9, 76 (1941). 
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bat+usB —uB 0 0 
— UB Mate —uc 0 
0 ec ucot+uD —ED 
0 0 —uD Mote 


Fic. 1. General form of the G matrix for parallel 
vibrations of the linear molecule. 


ments of F and G and symmetric sums of the )’s such as 


o3™ y Arr, (8) 
k<l 
k<l<m 


o¢=ArAad3° . “dy. (10) 


In terms of F and G, a, is the sum of all p-rowed prin- 
cipal minors (i.e., centered on the principal diagonal) 
of FG. 

It is apparent that o, (calculated from the observed 
frequencies) will yield an equation linear in the un- 
known F;;, o2 will yield an equation quadratic in the 
F;;, etc., there being f equations in all, of which the last is 


| F| =0,/|G]. (11) 


In some respects, however, it is easier to work with 
a different, but related, set of symmetric polynomials 
in the frequencies. These are defined by 


a=), Ap=01 (12) 
Ss= >, A\Z=a7—2a2 (13) 
Ss=>> A, = — 26+ 60102—302. (14) 


The expansions for 51, 52, etc., in terms of F and G are 
simple when the following theorem is recalled: the 
characteristic values of the p-th power of a matrix are 
equal to the p-th powers of the characteristic values 
(of the original matrix). Thus 


L(FG) i= Le FiGi=s1, (15) 
(FG) i?= > PijF GuxGii= Se, (16) 
(FG) iF= ss, (17) 


etc. 


It will be shown later that in some cases all the F;; can 
be determined from the expressions for s; and Ss» alone, 
provided a suitable set of isotopic molecules is available. 
Such a set is clearly advantageous (1) because the ex- 
pansions for s3, s4, etc., become progressively more 
cumbersome, and (2) because of the multiplicity of 
solutions for cubic, quartic, and higher powered equa- 
tions in the F;;. 

The expressions for si, S2, etc., may also be written 
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in the form 





(18) 





a=> Cabay 
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(19) 
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where pa is the reciprocal mass of the ath atom and 
Ca and Cag are, respectively, linear and quadratic func- t 
tions of the force constants. This follows from (15) and ‘ 
(16) and the fact that G;; is a linear function of the u.. FF, 
In later sections, methods of computing Ca, Cas, etc., ‘ 
in terms of the force constants will be given. For the 
time being, the essential question is how to determine 

Ca, Cap, etc., from the experimental data, i.e., from the 
observed frequencies. 

Suppose a molecule is designated by the symbol 
ABCD.::- and that s; is known for this molecule. In 
order to find ca, it is necessary to know the corre- & y, 
sponding sum for the molecule A*BCD- - - in which the § 4, 
asterisk indicates isotopic substitution. If the sum for B 4 
A*BCD.: -- is designated s;4, then a 

ca=(si4—51)/(ua*—wa). (20) be 
in 

In the same fashion, cz, cc, cp, etc., can be found. It is 
only necessary, however, to make isotopic substitutions ex 
for V—1 atoms of an N-atomic molecule (i.e., to know § pj 
s; for N isotopic molecules in all), since when all but toy 
one of the ca are known, these values can be substituted J {, 
back in (18) for any molecule of the set in order to 
solve for the last ca. cor 

The procedure for finding the cag is only slightly & {oy 
more complex: if se, s2¥, and s24¥ refer respectively to & ip 
the molecules A*BCD- --, AB*CD---, and A*B*CD:«:, & no; 
CaptCpa= 2Cap= (S24?+52—524—528)/ 

(watus*t+paue—eatis—pams*). (21) he 

Here we consider only the case in which a¥8. - 
plo 

Ill. PARALLEL VIBRATIONS OF LINEAR MOLECULES a 

The 3N—5 vibrational motions of a linear molecule : d 
of N atoms separate into N—1 vibrations parallel to - 
the axis and N—2 doubly degenerate vibrations per- * 
pendicular to the axis. If there is a center of symmetry, # 
further factoring is possible, but the discussion wil “ 
be at first confined to the less symmetrical case. Cor- Re 4 
sidering first the parallel modes, it is evident that the ' 
N—1 bond stretches constitute a suitable set of if" 
ternal coordinates. The G matrix can readily be com- _ 
puted’ in terms of these coordinates: it has the general I (/,); 
form indicated in Fig. 1. Upon inserting this G matr 
in (15) the expression for the sum of the roots of the ; 
secular determinant can easily be converted to a! Pe 
equation in which the coefficients of each reciprocal 
mass are collected. The result is i 
Fyyat (PutFoa— 2F \2)up+ (Foot F 33— 2F 23)uc "= 

+++ (Fy, not F wi, n-1— 2F y—2, n—1)HN-1 n 
+Fy-1,y—wy- (2) § 








(18) 
(19) 
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FORCE CONSTANT DETERMINATION 


For the special case of the triatomic linear molecule, 
this equation is sufficient for the unique determination 
of all three force constants. Its special form is 


Fiyat (FiutFoo— 2F 12)ua+ Foouc, (23) 


from which it is evident that Fy, FPyy3+Fo2—2F 12, and 
Fx can be individually determined if s; is known for 
the three isotopic molecules. ABC, A*BC, and ABC*: 
eg., HCN, DCN", and HCN". If one designates the 
sum of roots for these molecules as s;, s;4, and 31°, 
respectively, 


Fy,= (814 —51)/(ua*—pma) (24) 
Fo2= (81°—51)/(uct—uc) (25) 


F y= (1/2up)[(uatue) Fu 
+(ustuc)Fo2—s1]. (26) 


It is also possible to determine the force constants from 
the sums of roots for a set of isotopic molecules such as 
ABC, A*BC, and AB*C. Note, however, that in the 
case of the expressions for s; no new information could 
be obtained by studying the isotopic molecule A**BC 
in which A** designates a third isotopic form of atom A. 

For linear molecules having four or more atoms, the 
expressions for s, yield insufficient information to deter- 
mine the force constants, regardless of how many iso- 
topic molecules are available. It is therefore necessary 
to resort to the second-power equations (16). 

It is desirable at this point to introduce a method for 
computing the left-hand side of (16) in the desired 
form, namely with collected coefficients of each re- 
ciprocal mass term, such as pa”, us’, -* “wae, etc. It is 
possible to write the G matrix in the form 


G=)> tela, (27) 


where I, is a matrix which has a particularly simple 
form when bond stretching coordinates only are em- 
ployed. An element of I,, such as (Ja) jx, has the value 
zero unless both bonds 7 and k meet at atom a; if this 
is the case, (a) ;x=cosjk, where jk stands for the angle 
between the bonds. For the linear molecule ABCD I,, 
I, Ic, and Ip have the form shown in Fig. 2. 

From Fig. 2 it is apparent that each I, has a non- 
vanishing block centered on the principal diagonal, 
which is one dimensional for the terminal atoms and 
two-dimensional for all others. Summarizing these facts 
in formal symbolism, the expression for a general ele- 
ment of I, can be given in the form 


(Ta) j4= 6;, a—10;, eit 6;, adk, a 
ac 6;, a—10k, ee 6;, ak, a—l- (28) 


TaBLe I. The coefficients Cag for the tetratomic linear molecule. 
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Fic. 2. The matrices I, for the tetratomic molecule. 
With the aid of this expression, it is shown in the 
Appendix that if 
51= 2 table 
and 
a Z Caphabp, 
ap 


the expressions for ca and Cag are simply 


Ca= Fq_1, eit Fe a— 2F a-12 (29) 
and 
Cap= (Fo—-1,p-1t+Fa,p— Fa, p—Fa, p—1)”. (30) 


In (29) and (30) it is to be understood that F vanishes 
if either subscript is less than one or greater than V—1. 

As an illustration of (29) and (30), consider the 
tetratomic molecule A BCD. By (29) 


$i=Fyyat (Firt+Fo2— 2F 12)up 
+ (Foo+ F33— 2F 23)uct F gup. 


The expression for s2 is given in tabular form where the 
entry in the row labeled wa and column labeled yg is 
the coefficient Cag. 

Except for the ambiguities inherent because of the 
second power appearing in (30), one sees that a com- 
plete solution for the force constants can be obtained 
from the expressions for s; and Sse alone, provided a 
suitable (and rather large!) set of isotopically related 
molecules is available. Such a set in the tetratomic case 
could consist of: ABCD, A*BCD, AB*CD, ABCD*; 
A*B*CD and A*BCD*. From the first, second, and 
fourth of these molecules, Fi; and F33 are obtained 
directly with the aid of the expressions for s;. From the 
first, second, third, and fifth, employing the expressions 
for so, the quantity (F12—F,)* is found and hence Fj2, 
since Fy; is already known. From the first and third 
F 3+ F 22—2F 2 is calculated and hence F22. The quan- 
tity Foo+F33—2F23 can now be obtained from the 
equation 


(Foot F 33— 2F 23)uc= $1—C aa — CauB— Cpe, 


since C4, Cz, and cp have already been determined ; this 
yields F23 since F22 and F33 are already known. Finally, 
F\3 can be calculated with the aid of sz for the molecules 
ABCD, A*BCD, A BCD*, and A*BCD*. To help clarify 
this procedure, the coefficients cag actually used in these 
calculations are underlined in Table I. All the coeffi- 
cients, Ca, are employed. 

The generalization of this procedure for a linear 


polyatomic molecule consisting of any number of atoms 
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shows that the following set of isotopic molecules is 
sufficient for the determination of all the force con- 
stants. In addition to the “unsubstituted” molecule 
(ABCD. --), singly substituted molecules (A*BCD-: - -, 
AB*CD.::-, etc.) are required corresponding to sub- 
stitutions at all but one position. Furthermore, all 
doubly substituted molecules (A*B*CD---, A*BC*D 
-++, etc.) are needed except (1) those involving substitu- 
tion at a single atom (which may or may not be the 
same as that omitted from the singly substituted set) 
and (2) any single molecule in which one of the sub- 
stitutions is made adjacent to the atom omitted in (1). 

Other sets will lead to a solution, but the one just 
described is most convenient. To illustrate this set 
more concretely, consider the unsubstituted molecule, 
ABCDE. Instead of A*BCDE we now write simply A* 
and in place of A*BC*DE simply A*C*, etc. Then, 
according to the above rule, the singly substituted 
molecules could be chosen as A*, B*, D*, E*, and (se- 
lecting atom E as the omitted one in the doubly sub- 
stituted set) A*B*, A*C*, A*D*, B*C*, B*D*, C*D*, 
with the further privilege of omitting any one of the 
subset A*D*, B*D*, and C*D*. Naturally, it would be 
more likely that the atom omitted from the singly 





1 2 3 
rms 7 
-*-G) a si 


Fic. 3. Atom, bond, and bending coordinate numbering 
scheme for the linear molecule. 


substituted set would be the same as that omitted 
from the doubly substituted set, on the grounds of 
availability of isotopes. Thus if no isotope of atom C is 
available, a solution could also be obtained from the 
unsubstituted molecule, A*, B*, D*, E*; A*B*, A*D*, 
A*E*, B*D*, B*E*, and D*E*, with the further privilege 
of omitting any one of the doubly substituted molecules 
except A*E*. 

Unfortunately, the solution just described is not 
unique, except in the case of the triatomic molecule. 
This difficulty arises from the necessity of employing 
the coefficients cag whose square roots are linear combina- 
tions of the force constants. Thus with the tetratomic 
molecule, Fi2=ca-tcap’ and Fy3=+cap'. 

It is possible in principle to make the solution unique 
by appealing to the coefficients cag, appearing in the 
sums 


53= DLAv= 3 Cap yMabpiy- 
apy 


As indicated in the appendix, the relation between 
these coefficients and the force constants is 


Capy= (Fy-1,a-rt Fy, a— Fy-1,a—F y, a—1) 


X (Fa-1, 6-1 t+ Fa, p— Fa—1,p— Fa, p-1) 
X (Fp-1, yi tks, y—Fp-1+—Fs, v1); 
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which shows, furthermore, that 





Caaa= Ca 





CaaB= Calas 
Capy= (sya!) (Cas?) (Cp7'). 







For molecules consisting of four or more atoms, it can 
easily be demonstrated that there are sufficient terms 
of the type cas, to determine the correct sign for each 
Cap. 

This procedure does not recommend itself, however, 
since the set of additional isotopically substituted mole- 
cules required to evaluate the casy individually would 
further complicate the already serious problem con- 
fronting the chemical synthesist. It is encouraging only 
to know that a unique solution does exist. 

More practical methods of selecting the correct solu- 
tion, in the event that physical reasonability is insufi- 
cient, might involve the evaluation of additional second 
order coefficients, such as cac and Cccp in the tetratomic 
case. It should be noted that all the cag can be con- 

















































puted from the specified set of isotopic molecules. & u 
Inasmuch as Caa=Ca’, after the ca are known, there 
remain only [V(N—1)]/2 unknowns of the type cs & “ 
with a<f$. But from the se expressions for the 
N+N(N-—3)/2 isotopic molecules of the specified set 
there are just the required number of equations to find 
[N(N—1) ]/2 unknowns. If these have all been deter- 
mined, the conditions 
Li scap = mn 
s ei 
may be used to assist in making the correct choice o! & fir 
signs of the square roots. Also, it is possible to test the 
alternate solutions by evaluation of the determinant § “ 
|F| and comparison with Ay\sA3---Aw—i1/|G|_ where & cg 
| G|: is given by - 
| G| = (wap: ‘pn)M, 
M being the total mass of the molecule. (D5 
IV. PERPENDICULAR VIBRATIONS OF LINEAR etc 
MOLECULES I 
The N—2 (doubly degenerate) perpendicular vibra mir 
tions may be described by a set of N—2 bending © & tet 
ordinates whose numbering is illustrated in Fig. 3. The onl 
G matrix elements may be computed with the aid of onl 
formulas given by Ferigle and Meister.‘ In terms 0 Wou 
the atom, bond, and angle numbering system employe! ff tion 
in Fig. 3, the only nonvanishing elements are ete. 
be s 
Gii= Tipit (r:+ Ti¢t) Mig t Ti+1 Mit2, (31 eque 
Gig = —Tigi(tar tram — Teri traemipe, & vy 
Gi, 42> Tig 1Ti¢eMize, (33) vibr 








where 7; is the reciprocal of the length of the ith bon 






4S. M. Ferigle and A. G. Meister, J. Chem. Phys. 19, 982 (195! 
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FORCE CONSTANT DETERMINATION 


TABLE II. Special coefficients ¢y and Cay for symmetrical linear molecules. 











Neven Nodd 
2o*(s) Cy= = Fy_1, _1+2F,, y—25F y-1, cy=0 
Cay Crya™ (F a—l, y-1+2'Fa, a, y— Fa, y-1)” w=. 
mer byy™ 
Cay=0 Cay =Cya= (Fat, y-1t+Fa, y-1)" 
Cyy=0 Cyy = Cy 








Upon introducing matrices J, analogous to the I, 


of (27), 
G=Pabtada; (34) 


the following expression for the elements of J, is 
obtained : 


(Ja) 6;, a—20j, a—2T a— r+ 6;, a~10j, e~1(Te-1+Te)” 
+ 6;, aj, ata — 6;, a—20j, e—1Ta—1(Ta—1t Ta) 
=i 6; a—155, eTa(Tat Ta-+ 6; a—20;, aTa—1Ta- (35) 


With the aid of (35), the collected coefficients of the 
ua in the expression for s; are found to be 


Co= s Fii(J a) ii 
=Te-1F a2, a-2t (Ta-1 + Ta) Fat, a-1t Tala, « 
—ta-1(Ta-1+Ta)F a2, a-1—Ta(TatTa-1)Fa-t,a 
+Ta-1Tala—2,a, (36) 


in which the F’s vanish if either index is less than one or 


greater than N—2. For the molecule ABCD---, the 
first few cq are 

(A= TPF 1, 

(a= (rit+72)?FiutreF 2— T2(T2+ 71)F 2, 

co=t2F + (ro+73)*FootTs'F 33 (37) 


a T2(T2+73)Fi2— 73(T3+72)Fo3t+TorsF 13, 
(p=T3"Foe+ (rs+ 74)°F 33+ Ta P 44 


—73(tst74)Fos—ra(tTat73)F sat ar ak 24, 
ete. 

It is evident that these coefficients suffice to deter- 
mine all force constants for both the triatomic and 
letratomic molecules, since in the first case Fy, is the 
oly nonvanishing constant and in the second case, 
oly Fy, Fy, and Foe appear. For longer molecules it 
Would be necessary, as in the case of parallel vibra- 
tions, to introduce higher order coefficients, cap, Cac, 
ete, With the pentatomic molecule, however, it might 
be simpler to use the determinant (product of roots) 
equation to determine the sixth force constant. Multiple 
‘ots would occur, of course, and could be eliminated 
by the procedures described above for the parallel 
Vibrations. 


V. THE EFFECT OF SYMMETRY 


In case the linear molecule possesses a center of 
‘ymmetry, the number of independent force constants 





is reduced in an obvious way. One then has the choice 
of reformulating the problem in terms of symmetry 
coordinates, or of employing the equations heretofore 
developed and appropriately reducing the number of 
isotopic species employed in accordance with the smaller 
number of distinct force constants. If the isotopic’ 
species employed are all of the maximum symmetry 
(e.g., CoH» and C2Dz2), the former method is preferable, 
but if some isotopic molecules employed involved sub- 
stitution of only one of a pair of equivalent atoms, 
(e.g.. CoHD) the latter procedure would be more 
desirable. 

If the former approach is adopted, it is found that 
the previous discussion of the parallel vibrations can 
readily be carried through in terms of the symmetry 
coordinates. If the molecule has an even number of 
atoms, there are N/2 coordinates symmetric with re- 
spect to the center and (V/2)—1 antisymmetric to the 
center. If the molecule has an odd number of atoms, 
there are (V—1)/2 coordinates of each species. 

It turns out that the expressions previously found 
for Ca and Cag still hold, provided neither a nor # refer 
to the central atom or central pair. The F;;, however, 
are now the force constants in terms of symmetry co- 
ordinates, and the sums sj, Se, etc., are taken over the 
respective species, >-,+ (symmetric) or >>,*+ (anti- 
symmetric). The only necessary modifications are in- 
dicated in Table II, where the formulas for c, and Cay 
are given, y referring to the central atom (or pair). 

Applying these results to acetylene, one finds, as is 
naturally to be expected, that the three force constants 
of the symmetric (> ,*) vibrations may be determined 
immediately from s; and s2 for CzH2 and C.D». The ex- 
pressions Fy; and Fy;+2F22—2!F 12 are found from s; 
for CoH2 and C2D>. But then 


So= CHuvn’+ 2cucunuct Cccuc’, 


and, since Cuy=Cp’ and coc=Cc” are then known, the 
value of cuc may be determined. Since 


cuc>= (2*F y2—F 1)’, 


there are sufficient equations with which to determine 
all three force constants. 

It is found on developing the coefficients ca, etc., for 
larger molecules that a solution can be found without 
resorting to isotopic forms of lowered symmetry, such 
as would result if substitution were made at only one 
of a set of two equivalent atoms. 
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APPENDIX 


It has been shown that for the parallel vibrations of 
a linear molecule, 


G= as i 
where 
(La) x= 8;, a—18k, a—1 tj, ak, a— 85, a—15%, a— 5j, ak, a—1- 
Moreover, 


s3= +» (FG),;?= se Pi FP pGpGu 


ijkl 


=) FisFaa Do (Ta) jx(Lp) iabes 


ijkl aB 
— z Caphablp- 
ap 
Therefore, 


Cap = 2 F F(T a) jx(Tg)1:- 


ijkl 
First, consider the value of the term 
(La) je(Tp) i= (8), a—15k, a1 + 5j, 5k, a— 53, 15k, a 


— 55, ak, a—1) (52, 155, p-1 +4), 85;, 8 
— 51, g-15;, a— 51, 65:, g-1). 
This vanishes unless i=6—1 or 8, 7=a—1 ora, kR=a—1 


or a, and /=8—1 or f. There are therefore 16 possible 
sets of values for i, 7, k, 1; if i=] and j= or if i¥/ and 


jk, the value of (Ja) jx(Z)u: (assuming that it does 
not vanish) is +1, otherwise it is —1. The rule for the 
sign can be stated in the form: positive if there are an 
even number of inequalities of the index pairs 7k and 
il, negative otherwise. 

It is therefore possible to write the expression for 
(I) ;x(Zg)1: in another form, namely 


(Ta) sx(Zp) = (65, p15, a1 +i, 18j, « 
— 6;, p-18j, a— 9;, 85;, a—1) (8x, e151, p-1 
+ 5x, 251, 3— 9k, a—151, p— 5x, ai, 8-1) 
which is entirely equivalent to the first expression. 
When this form is inserted in the expression for ¢ag, the 


summation over i7k/ leaves only the following function 
of the F elements: 


Cap = (Fs-1, e-1t Fs, a—Fp1 a Fs, — 
x (Fo-1, p-1t Fa, p—Fa-t, B— Fa 8-1), 
and since F;;=F;;, Eq. (30) is obtained: 
Cap= (Fat, g-1t Pa [= Fai, — Fa p—1)*. 


By an extension of these arguments, further coefi- 
cients, such as 


Capy= (F yt, ert FP y,a—F -1.e—F x, a—1) 
X (Fa-1, e-1t Fo, p—Fa1,p—F a, p-1) 


X (Fes, y-1+F 2, y— Fp-1.4—F 6, 7-1) 
can be obtained. 
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The Microwave Spectrum of CF;SF; 


P. Kistruk AND GENE A. SILVEY 
Columbia University, New York, New York 


(Received November 28, 1951) 


The pure rotational spectrum of CF;SF; has been observed in the microwave region. It is confirmed that 
the structure is almost certainly trifluoromethyl sulfurpentafluoride, and some evidence relating to the 
molecular parameters is obtained. Several vibrational states have been observed, including the torsional 
vibration from which the height of the potential barrier can be estimated as 220 cm™. 





LTHOUGH the methods of synthesis reported! 
indicate that the structure of CSFs is probably 
triluoromethy] sulfurpentafluoride, no direct evidence 
has previously been published. The /=3-—4, 10-11, 
and 11—+12 transitions of the pure rotational spectrum 
have been observed, yielding B=1097.6+0.4 Mc. The 
new evidence favoring this structure is: 

(1) The spectrum is that of a symmetric rotor, thus 
ruling out any proposed structure which does not have 
an inertial axis of symmetry. 

(2) When the values of all bond distances and angles 
except the C—S distance are estimated and the experi- 
mental value of the moment of inertia (460.5 amu A? 
+0.04 percent) is used to calculate the C—S distance, 
the reasonable value of 1.86A is obtained. The following 
bond distances and angles were used for this calculation: 
R(CF)=1.35A and ZFCF=107°30’ from fluorocarbon 
data, R(SF)=1.57A from electron diffraction measure- 
ments on SF, and ZFSF=90° for the SF; group in 
CF;SF; because of the octahedral symmetry of SF¢. 

A value for the C—S bond distance of 1.87A may be 
estimated from the sum of a carbon radius of 0.77A 
and a hexavalent sulfur radius of 1.10A. The latter 
value is based upon a S—S bond distance of 2.20A 
found recently in S2F 19 from electron diffraction data.” 
The agreement between this estimate and the experi- 
mental C—S bond distance indicates that the F—S—F 
angles in CF3;SF; are very close to 90°. One might ex- 
pect the angle between the fluorine on the molecular 
axis and each of the other fluorines of the SF; group 
to be slightly less than 90° by analogy with several 
fluorocarbons such as CF;CF3 where the presence of 
similar groups reduces the F—C—F angle to less than 
the tetrahedral angle.* 

Because of the low frequency vibrations of the mole- 
cule the population of the ground state falls off very 

















TABLE I. 
Freq of tors vib Well depth a 
CH,CF; ¢ 230 +10 cm™ 1200 cm 7.6 Mc 
CH,SiF; 4 140 +30 cm 419 cm=! ~4. Mc 
CF;SF; 93.5425 cm= 219 cm ~0.05 Mc 
ee 


G. A. Silvey and G. H. Cady, J. Am. Chem. Soc. 72, 3624 (1950). 
; S. H. Bauer, private communication. 
G. Glockler in Fluorine Chemistry edited by J. H. Simons 
(Academic Press, Inc., New York, 1950). 
H. T. Minden, thesis, Columbia University, 1951. 
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rapidly with increasing temperature. All measurements 
were therefore made at —78° where these lines are 
roughly eight times as strong as at room temperature. 

Higher vibrational states of two of the lower fre- 
quency vibrations were clearly observed. One of these, 
with 2/11 the intensity of the ground-state line at 
—78° is lower in frequency by about 26 Mc in the 
11-12 transition (whence a~1 Mc). If the mode of 
vibration is nondegenerate, its frequency is roughly 
230 cm. 

The other observed vibration was roughly one-half 
as intense as the ground-staté line at —78°C. The 
difficulty in measuring the relative intensity arises 
from the fact that these lines are not completely re- 
solved. These lines probably arise from a torsional vibra- 
tion of the CF; and SF; groups about the symmetry 
axis. There are twelve maxima and twelve minima for 
such a vibration. The potential is taken to be of the 
form V=h/2(1—cosi2@), where / is the depth of the 
potential well, and vibration considered to be har- 
monic by taking only the loading term in the expansion 
of the potential in powers of 6. From the relative in- 
tensity of 0.50-+0.10 at —78° we obtain v=93.5 cm™ 
+28 percent, and using the parameters previously 
considered to calculate the moments of inertia about 
the symmetry axis of the CF; and SF; groups we find: 
h=4.35 X 10" ergs+50 percent = 219 cm—=+_50 percent. 

If the potential well were parabolic, this depth would 
contain only 2 or 3 bound states, but the vibrational 
states should lie closer together near the top of the 
potential and merge into states with free relative rota- 
tion of the two parts of the molecule. Four states were 
clearly observed at optimum conditions of pressure and 
stark voltage, but even if a fifth state had been present 
it is doubtful that it could have been observed. 

Because of the different symmetry of the CF; and 
SF; groups about the axis, the potential well for tor- 
sional vibration would be expected to be shallower than 
that of CH;CF; or CH;SiF;. Both the torsional fre- 
quency and the value of a, which is a rough measure 
of the degree to which the rotating groups move in and 
out as they rotate back and forth, would then be ex- 
pected to be smaller in CSF. These are given in Table I. 

The authors wish to express their appreciation to 
Professor C. H. Townes for his help and advice during 
this work. 
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The Microwave Spectra and Dipole 
Moment of Stable Pentaborane 


HenrRY J. HROSTOWSKI, ROLLIE J. MYERS, AND GEORGE C. PIMENTEL 


Department of Chemistry and Chemical Engineering, 
University of California, Berkeley, California 
(Received December 4, 1951) 


E have investigated the microwave spectra of stable penta- 
borane (B;Hy) in the region near 28,000 Mc and have 
observed several lines. For two of the strongest of these lines a 
characteristic Stark effect Pattern was obtained. These two lines 
were found to have two first-order Stark components and two 
second-order Stark components. This Stark pattern indicates 
that the lines are a result of /=1 to J=2 transitions for sym- 
metric top molecules. Most of the remaining lines are satisfactorily 
interpreted as arising from asymmetric molecules consisting of 
both B” and B" isotopes. 

For a molecule with five boron atoms and a normal isotopic 
distribution the occurrence of only two prominent symmetric top 
lines leads to a structure possessing a Cy symmetry axis with one 
boron on this axis. Recently, such a structure of symmetry C4, 
has been determined on the basis of electron and x-ray diffraction 
measurements.+? From the microwave data alone the two dis- 
tances, B—B (ring-apex) and B-B (ring), have been determined as 
1.69+0.02A and 1.80+0.01A, respectively, in agreement within 
experimental error with the electron diffraction results. Evaluation 
of the remaining five molecular parameters and more precise 
values for the boron distances must await isotopic hydrogen sub- 
stitution. Figure 1 compares the observed and calculated micro- 
wave spectra for the more abundant isotopic species, and Table I 
lists the observed frequencies and their assignments. The calcu- 
lated spectra were determined from the above B-B distances with 
the line at 28,011.4 Mc asa reference point. The 110-229 frequencies 
depend very slightly on the moment of inertia about the symmetry 
axis, and a value consistent with the electron diffraction data has 
been used in the calculation of these lines. It can be seen from 


BH, 
wl Calculated 





Observed 


| di 


£4,800 wes 








Fic. 1. The calculated and observed spectra of BsHs. 
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TABLE I. The microwave spectra of BsHs. 








Observed 
frequency Assignment 


Mc 5 ' Transition 
28,011.4 1-2 
28,359 1-2 


28,513 
28,359 
28,187 


28,872 
28,715 
28,538 


29,024 
28,732 


28,695 
28,690 
28,685 


29,045 
28,870 


29,057 
29,052 
29,045 


29,095 
28,392 


28,989 
29,063 


Isotopic species 
Bs''H»e 
BBW», B in apex 


BlOB WH 
B!° in ring 





1u-22 
110-220 
loi-211 


B2lOBstHy» 
Bl! in ring and apex 


111-221 
110-220 
lo-2n 


B2l9B3lliHy 
two B!0 in ring opposite 


B2l°B3llHy 
two B!0 in ring adjacent 


lu-22 
110-2 


1-22 
110-220 
loi-2u 


B3!°BollHy 
BU in ring and apex 


B3!BellHy 
two B!! in ring adjacent 
B;!°BallHo 


110-220 
loi-211 


1-22 
110-22 
1o-2n 
110-220 two B" in ring opposite 
not assigned 
not assigned 
not assigned 








a Frequency equals 3a+b, where a =h?/2Ia, etc. 
b Frequency equals 3b+-a. 


Fig. 1 that the agreement between the calculated and observed 
spectra is good. 

Measurements of all four of the Stark components of the line 
at 28,011.4 Mc give 2.130.04 Debye for the dipole moment of 
pentaborane. This value seems surprisingly large in view of the 
expected similarity of the electronegativities of boron and hydro- 
gen. It is much greater than the value of 0.6 Debye predicted by 
Dulmage and Lipscomb? on the basis of the Pauling bond order 
method and a metallic model. 

The microwave lines were observed with a Stark modulation 
spectrograph. The pentaborane was purified by distillation, and 
the absorption cell was cooled to 200°K to minimize decompos- 
tion. Previous observations’ showed that serious decomposition 
occurred in the metal wave guide at room temperature. At pres- 
sures near 60 microns no quadrupole fine structure was observed 
and the absorption lines appeared relatively sharp. 

We are grateful to Professor W. D. Gwinn for very helpful dis- 
cussions of this problem, and we wish to thank Dr. A. E. Newkirk 
of the General Electric Company for providing the sample of 
pentaborane. 

1 Hedberg, Jones, and Schomaker, J. Am. Chem. Soc. 73, 3538 (1951). 

2W. J. Dulmage and W. N. Lipscomb, J. Am. Chem. Soc. 73, 3539 


(1951). 
3G. L. Cunningham and H. J. Hrostowski (unpublished work). 





On the Effect of Iodine in the Radiolysis 
of the Hydrocarbons* 
CLARENCE C. SCHUBERT AND ROBERT H. SCHULER 


Department of Chemistry, Canisius College, Buffalo, New York 
(Received December 10, 1951) 


CHULER and Hamill! have observed a fast electron initiated 
reaction between the paraffin hydrocarbons and _ iodine. 
Weber? has shown that, for solutions 10-* to 10~¢ molar in iodine, 
this reaction is not dependent upon the iodine concentration. 
Because of this, it was desired to determine the effect of iodine 
upon the rate of gas production in these radiolyses anticipating 
that, as a result of reaction of the radical fragments with the 
iodine, an appreciable decrease in this rate would be observed. 
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LETTERS TO THE EDITOR 


TaBLE I. Hydrocarbon decomposition in the presence of 
iodine by 120-kev x-radiation. 








Gas production 





(I2) Irradiation moles H2+CH4/ 
Sample M X10? period min X108 
Cyclohexane 
4 0 50 1.6 
13 0 100 1.9 
9 0 100 1.9 
2 0 200 1.9 
14 0.35 100 2.0 
3 2.16 250 1.8 
8 4.89 100 2.0 
10 13.5 100 25 
11 29.4 100 4.1 
15 34.6 100 4.6 
5 48 100 5.4 
12 50.0 100 4.7 
2,2,4 trimethylpentane 
6 0 100 0.92 
7 1.92 100 0.99 








Ten-ml samples of the hydrocarbons, cyclohexane, and 2,2,4 tri- 
methylpentane, were degassed and sealed on a line capable of 
evacuation to pressures of less than 10-°. They were then sub- 
jected to irradiation with the x-radiation produced by an in- 
dustrial x-ray unit operating at 120 kev and 5 ma. After irradiation 
the sample was resealed to the line, frozen in liquid nitrogen, and 
the gas pumped to a calibrated McLeod gauge. The fraction 
collected was volatile at —196°C and contained the hydrogen 
and methane produced in the decomposition but none of the 
higher hydrocarbons. 

In Table I, it is seen that no appreciable quenching of the 
production of the hydrogen-methane fraction occurs in either the 
decomposition of cyclohexane or of 2,2,4 trimethylpentane at the 
low concentration region where there is reaction between the 
radiation product and iodine. These represent the extreme cases 
of the formation of almost no methane in the case of cyclohexane 
and of a relatively large amount in the case of the trimethyl- 
pentane.® 

For samples more concentrated in iodine, the reaction yield is 
seen, in Fig. 1, to increase approximately in proportion to the 
amount of added iodine. This increased reaction is interpreted as 
being a result of the greater absorption of these solutions for x- 
radiation at the wavelength used (Amax~0.2A) since iodine has an 
appreciable photoelectric component here. The incident x-radi- 
ation is absorbed in the iodine, producing fast electrons which in 
turn interact with the hydrocarbon to give a higher yield for the 
decomposition. 


0.06 5 
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Gas production - 4 moles /min 








0.00 T T T —y T 
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Iodine concentration- M 


Fic, 1, Effect of iodine in hydrocarbon decomposition at 120 kev. 
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Further work is in progress on the effect of iodine in the radia- 
tion decomposition of the hydrocarbons. 


ré eg in part under contract AT-(30-1)-1084 hy ~ the AEC. 
H. Schuler and W. H. Hamill, J. Am. Chem. Soc. (to be published). 
2 BE N. We ber, M.S. Tae Canisius College, 1951 (to be published). 
*C. S. Schoepfle and C. Fellows, [Ind. Eng. Chem, 23, 1396 (1931)] 
report 1.4 percent CHs in pa electron irradiation of cyclohexane and 29.3 
percent CHsg in the case of 2,2,4 trimethylpentane. 





The Surface Adsorption of Small Ions in 
Solutions of Surface-Active Agents 


CHARLES M. Jupson, ANN A. LEREw, J. K. Drxon, AND D. J. SALLEY 


Stamford Research Laboratories, American Cyanamid Company, 
Stamford, Connecticut 


(Received December 18, 1951) 


N considering the adsorption of a surface-active agent at the 

air-solution interface, the adsorption of small ions (gegenions 
or foreign ions) must be examined as well as that of the long chain 
ion. The need for this is indicated by recent measurements! using 
radiotracer techniques of the sulfate ion adsorption for Aerosol? 
SE cationic agent (stearamidopropyl-2-hydroxyethyl ammonium 
sulfate). The results indicated that at relatively low concentration, 
the adsorbed ion was not sulfate but hydroxyl, at least in part. 
This paralleled an earlier indication* for Aerosol? OTN anionic 
agent (di-n-octyl sodium sulfosuccinate), where comparison of 
surface tension and radiotracer measurements of the adsorption 
of the long chain ion suggested that hydrogen ion and not sodium 
ion was adsorbed along with the sulfosuccinate ion. 
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Fic. 1. Adsorption of sodium and of sulfosuccinate ions 
from Aerosol OTN solutions. 


Following up this idea, the adsorption of sodium ions from 
solutions of Aerosol OTN, labeled with Na**Cl, has been measured 
with Hutchinson’s method.‘ In this procedure a film is drawn 
out of the solution on a platinum loop and the excess concentration 
of sodium ion in the film determined by counting. Figure 1 shows 
that at low concentrations the sodium adsorption is quite small 
compared to the sulfosuccinate adsorption, as determined pre- 
viously by the direct surface count method.? It is realized that the 
Hutchinson method may lead to values lower than the true ones 
because the time allowed for withdrawing the loop (which is 
limited by the stability of the film) may be too short to permit 
establishment of equilibrium. However, the evidence available 
from our experience with this method indicates that serious 
errors from this source will not be encountered at the concentra- 
tions in question. The results in Fig. 1 therefore appear to sub- 
stantiate the suggestion that at low concentrations the adsorbed 
species from solutions of Aerosol OTN is the undissociated di-n- 
octyl sulfosuccinic acid. 

The adsorption of a foreign ion of the same sign as that of the 
long chain ion has also been investigated for solutions of sodium 
sulfate and the above Aerosol OTN, with Na2S*0O, and employing 
both the direct count method and Hutchinson’s method. It might 
be expected that the adsorption of the sulfate ion would be 
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essentially zero. Measurements over a wide range of concentrations 
of sulfate and of surface-active agent showed that sulfate adsorp- 
tion is indeed small at low sulfate concentrations but becomes 
appreciable at higher sulfate concentrations. For example, at a 
constant Aerosol OTN concentration of 10~* molar, sulfate ad- 
sorption increases linearly with sulfate concentration, reaching 
about 500 10-" M/cm? at 0.1 molar sulfate. This represents a 
sulfate adsorption of 250 times the measured adsorption of a 
sulfosuccinate monolayer (about 2X10~" M/cm?, Fig. 1). The 
same sort of behavior was observed for solutions of sodium sulfate 
with Aerosol? OT di-(2-ethyl hexyl) sodium sulfosuccinate. It 
appears that the sulfate adsorption being measured is not an 
adsorption in the actual interface but is an accumulation of 
electrolyte in the region of the Gouy-Chapman layer adjacent to 
the interface. 

The Na? and S* used were obtained on allocation from the 
AEC. 

1 Judson, Argyle, Dixon, and Salley, J. Chem. Phys. ™ 378 (1951). 

2 Registered trademark, American Cyanamid Compan 

Salley, Weith, Argyle, and Dixon, Proc. Roy. Soc. , on A203, 42 


(1950). 
4 Hutchinson, J. Colloid Sci. 4, 599 (1949). 





Intensities of Vibration Bands of Carbonyl Sulfide 
and Carbon Disulfide 


D. C. McKean, H. J. CALLOMON, AND H. W. THOMPSON 
The Physical Chemistry Laboratory, Oxford, England 
(Received December 14, 1951) 


N a recent article Robinson! has published data on the in- 

tensities of infrared absorption bands of carbon disulfide and 
carbonyl sulfide, and has calculated values for du/dy for the 
linkages concerned. In a paper in course of publication elsewhere,? 
we have described similar work on carbonyl sulfide, and we have 
also now studied carbon disulfide. Although our results with the 
latter compounds agree substantially with those of Robinson, 
there is a discrepancy with carbonyl sulfide which requires 
comment. 

The method used for determining the intensities involved 
pressure broadening by addition of nitrogen and extrapolation 
by the procedure of Wilson and Wells.* Experimental details are 
being given elsewhere. The results for carbon disulfide on the 
band at 1523 cm™ are summarized in Fig. 1, the total pressure 
including added nitrogen being one atmosphere. The limiting 
gradient of this plot, which represents the true intensity, was 
7700X 10" cycles/cm at N.T.P., as compared with 7560X 10" 
found by Robinson. This deviation of about 2 percent is well 
within possible experimental error, especially since there is an 
overlapping band of atmospheric water vapor. In the calculation 
of the normal coordinate, we have computed a value for the 
normalizing coefficient of 2.9010~'!*, whereas Robinson gives 
2.8X 10~!2. The resulting value of du/dy is 5.9X 10-"” esu, agreeing 
with Robinson. 

In the case of carbony] sulfide, the intensities found by us for 
the bands at 2064 cm™ and 859 cm™ were 12,900 10" and 
350X 10" cycle/cm, respectively, Robinson finding 7900X 10” and 
11010 for these two bands. These large deviations might 
arise as a result of incomplete pressure broadening. We have 
investigated in detail, with a wide range of pressures of both 
absorbing and of broadening gas, how the extrapolation is affected 
in the different circumstances. Comparison of the two sets of 
data suggests that the conditions of measurement used by 
Robinson may have led to a somewhat low value for the intensity. 
It is more likely, however, in our opinion, that the difference 
may be caused by the fact that the pressure assumed by him was 
too high owing to the presence of impurity. In our experience the 
preparation of this gas free from other contaminants and its 
retention without decomposition are difficult. It was therefore 
prepared from ammonium thiocarbamate which yields a product 
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Fic. 1. Plot of intensity versus pressure of CSs. 


free from carbon dioxide, and checks were made for the absence 
of other gases such as hydrogen sulfide both spectroscopically and 
by smell. 

The correlation of the measured intensities with the values of 
Ou/dy for the linkages involved has been discussed elsewhere.’ 

1D. Z. Robinson, J. Chem. Phys. 19, 881 (1951). 

2 Callomon, McKean, and Thompson, Proc. Roy. Soc. (London) A208, 


341 (1951). 
3 E. B. Wilson and A. J. Wells, J. Chem. Phys. 14, 578 (1946). 





Infrared Spectrum of SF; in the LiF Region 


A. DE LATTRE 


Centre d'A nalyse spectrale moléculaire de l'Université de Liége, 
quai Fr. Roosevelt 1B, Liége, Belgique 


(Received September 14, 1951) 


HERE recently appeared an article on the infrared spectrum 

of SF. by Lagemann and Jones in this journal, 1951, p. 534. 

A similar investigation was going on at Liége simultaneously, and 

it appears worthwhile to publish the results of this separate 

research in comparison with the previous work, as there appear 
to be certain points of disagreement between them. 

Gaseous SF. was studied in the region 1560-2510 cm™ by 
means of a Beckman spectrometer equipped with LiF optics. Path 
length was 1 meter and spectra were recorded at 760, 180, 55, and 
10 mm Hg pressure, bands being found at 1577 (53, 2; m)-1616 
(1, 47; w) 1634 (1, 47; w)-1713 (119; m)-1758 (1, 55; w)-2027 
(0, 06; vw)-2225 (0, 85; 2 —2488 (0, 13; vw). The first figure i is the 
frequency i in cm, the figure between brackets being the reciprocal 
pressure in atmospheres X logiolo/ I. Practically perfect agreement 
in position as well as in the order of intensity is found with 
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Fic. 1. Near infrared spectrum of SFs. 


Lagemann and Jones for the binary levels and for the .bands 
1634, 1756, 2004, although the latter is somewhat shifted by us. 
But we did not observe 1830, 1880, nor 2315, while we observed 
lines at 1616 and 2488 not mentioned by them (see Fig. 1: upper 
line gives L. and J.’s frequencies; middle line, our frequencies; and 
lower line, all frequencies having the proper component for infra- 
ted activity, these being calculated using L. and J.’s values of the 
fundamentals). 

Our optical path was at least equivalent to that used by L. and 
-and our gas was very carefully purified (SF. from a cylinder was 





mixed with N2; KOH and H2SO, bubblers ensured removal of 
lower fluorides and most of the moisture; it was then condensed in 
liquid air, pumped free of noncondensible gas, and sublimed to 
the desired pressure into the absorption tube. For the low pressure 
recordings, a further purification was afforded by surrounding the 
bulb with dry ice while subliming). 

As the figure clearly shows, there is an extensive possibility 
of interaction between the ternary levels allowed by selection 
rules. It should be borne in mind that the actual order of succession 
of the zero-order frequencies may be different from that given in 









522 LETTERS TO 


the lower line of the figure to a large extent. It is felt that the 
following assignment of the ternary levels corresponds better to 
the actual situation : 


1634 = (204-+-06) + (202-+-6) + (v1-+05-+06) + (205+04) +(206+123) ; 
1756= (01+-02+06) +(v2+05+04); 2004=(205+-03)+(v1+02+24), 


where the + sign means interaction between the F,, components 
of the levels between brackets. Neither of these levels can be sup- 
posed to give the observed band, since interaction between any 
two close-lying levels gives rise to two new levels, neither of which 
can be described as any of the original ones. 

The present writer’s opinion is that great caution should be 
exercised in using any of these interpretations before the discrep- 
ancies between L. and J.’s results and ours are settled. Although 
we disagree only on very weak bands, these play an important 
part in the assignment of ternary levels, and we conclude that 
for the present the latter must be considered an open question. 

Our best thanks go to Professor D’Or for his guidance and 
interest, Dr. P. Tarte for valuable help in the experimental part, 
and Professor A. H. Nielsen for very obligingly discussing the 
matter with us. 





Spectroscopic Studies of Low Pressure 
Combustion Flames* 


S. S. PENNER, M. GILBERT, AND D. WEBER 


Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, California 


(Received December 19, 1951) 


LARGE metal duct with suitable accessory equipment has 

been constructed for spectroscopic investigations on two- 
dimensional, low pressure flames.'! The apparatus represents an 
improvement over the design used by Gaydon and Wolfhard? 
since larger and more stable flames are obtained. Furthermore, the 
inlet duct is rectangular thus providing larger and better-defined 
isothermal regions than can be obtained with cylindrical burners. 
Spatial explorations of the flame are facilitated by use of the 
periscopic arrangement shown in Fig. 1. Excellent spatial resolu- 
tion is obtained at the expense of loss of light intensity. This loss 
is, however, not serious since long exposures (24 hours or more) 
can be performed without difficulty. 

Spectroscopic studies are being carried out by use of a Perkin- 
Elmer model 12C-infrared spectrometer provided with complete 
crystal optics and auxiliary photoelectric receivers for study in 
the near-infrared region.’ Preliminary emission studies have been 
carried out with a 1.5 meter grating spectrograph with a theo- 
retical resolving power of 48,800. Further studies will be performed 
with improved instrumentation. 

Several emission spectra from the luminous zone of a propane- 
oxygen flame burning at a pressure of 5 mm have been obtained. 
A complete rotational analysis with the compilation of Dieke and 
Crosswhite* has been carried out for the Q:1, Qo, Pi, P2, and Ro 
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Fic. 2. Representative plot used for the determination of 
rotational temperatures of OH (P: branch). 
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Fic, 3. Curve for determination of rotational temperature 
of OH (Pz branch). 


branches of the (0,0) transitions of the ?2—*II band system 
of OH. Representative data are shown in Figs. 2 and 3, where the 
abscissa represents the rotational energy of the initial state (ie, 
the excited state in emission studies) and the ordinate equals the 
logarithm of the peak intensity of lines divided by the product oi 
the transition probability and the cube of the frequency corte- 
sponding to the indicated transition.’ In agreement with the 
results reported by Gaydon and Wolfhard,? the lower rotational 
states (roughly up to K=11) of the upper energy level indicate 
rotational temperatures somewhat lower than the adiabatic flame 
temperature (which is 2500°K in the present case). On the other 
hand, the upper rotational states indicate abnormal rotational 
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Fic. 1. Schematic drawing of optical system used to obtain spatial resolution of low pressure combustion flames. 
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excitation and temperatures of 5500°K to 8000°K, depending on 
the position of the luminous zone which is being examined and on 
the branch for which a rotational analysis is performed. The 
interpretation of the experimental results described in Figs. 2 and 3 
can be shown to imply the validity of the relation, 


1— exp[— (P,) maxX (~(P,) maxX 


where (Py)max is the maximum value of the spectral absorption 
coefficient for a given spectral line and X represents the optical 
density of the emitter. Calculations of appropriate values of 
(P,)maxX for representative flames, with the f-valués of Oldenberg 
et al.6 show that the expansion is probably not valid. Hence it 
follows that the observed “‘anomalous intensity distributions” may 
be the result of invalid interpretation of experimental data. This 
matter will be considered in greater detail in a subsequent publi- 
cation. 

A preliminary rotational analysis of the CH spectrum shows a 
reasonably normal rotational distribution, in agreement with the 
work of Gaydon and Wolfhard.? 

Experimental studies in absorption and emission with improved 
spectroscopic apparatus are continuing. 


* This paper presents the results of one phase of research carried out at 
the Jet Propulsion Laboratory, California Institute of Technology, under 
Contract No. W 33-038-ac-4320 sponsored by the Department of the Air 
Force, Air Materiel Command. Presented before the Symposium on Energy 
Transfer in Hot Gases, National Bureau of Standards, Washington, D. 
September 17-18, 1951. 

1M. Gilbert, The Investigation of Low-Pressure Flames, Report}.No. 4-54 
(et Propulsion Laboratory, Pasadena, August 30, 194' ted 

2A. G. Gaydon and H. G. Wolfhard, Proc. Roy. Soc. (London) A194, 
169 (1948) ; ‘A199, 89 (1949); A201, 561 (1950); ‘A201, 570 (1950); A202, 
118 (1951). 

3S. S. Penner, J. Chem. Phys, 19, 272, 1434 (1951). 

4G. H. Dieke and H. M. Crosswhite, The Ulira Violet Bands of OH, 
Fundamental Data, Bumblebee Series Report No. 87 (Applied Physics Lab- 
oratory, Johns Hopkins University, Silver Spring, Maryland, November, 
1948), 

5It is customary to divide by the fourth power of the frequency rather 
than by the cube. However, it is easily shown that for Doppler-broadened 
spectral lines.of the type which must occur in the visible and ultraviolet 
spectra of low pressure flames, the cube of the frequency should be used. 
The experimental results are actually quite insensitive to the frequency 
factor. 

60. Oldenberg and F. F. Rieke, J. Chem. Phys. 6, 439 (1938); R. J. 
Dwyer and O. Oldenberg, J. Chem. Phys. 12, 351 (1944). 





Light Scattering by GR-S Solutions 
ROBERT TREMBLAY AND MARCEL RINFRET 
Institut de Chimie, Université de Montréal 
AND 
ROLAND RIVEST 


University of California, Berkeley, California 
(Received November 13, 1951) 


HE light scattered by GR-S (Buna-S type synthetic rubber) 

solutions of very small refractive index increment presents 

an anomaly which has been reported.! The amount of scattering 

by a toluene solution of GR-S is approximately ten times as large 
as would be expected by the light scattering equation, 





_ 27? {2-*) . 

R- Roma) G/M) +2Be 
where R=amount of light scattered by the solution at 90° relative 
to the light transmitted at 0°, Ro=amount of light scattered by 
the solvent under the same conditions, N= Avogadro’s number, 
\=wavelength of the incident light, uo=index of refraction of 
solvent for wavelength A, u=index of refraction of solution for 
wavelength A, c=concentration of solute in gram per cubic 
centimeter of solution, M=molecular weight of solute, and 
B=constant dependent on the solvent. 

At the time the validity of the equation for small differences in 
tefractive index between solvent and solution was questioned. 

Since then, it has been shown both theoretically? and experi- 
mentally?3 that the equation holds for values of refractive index 
increment lower than that encountered in toluene solutions of 
GR-S as shown in Table I. 
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TABLE I, 








Molecular weight 





Accepted 
Solvent Solute (4s — o/c)? value L.S. Ref. 
Ethylene chloride GR-S 2.72 X10? 125,000 140,000 1 
Toluene GR-S 0.31 X1072 125,000 1,000,000 1 
Chlorobenzene Polystyrene 0.98107 300,000 310,000 2 
Chloroform Polymethyl 
metacrylate 0.25 X10 240,000 232,000 3 








The results obtained for GR-S in toluene as recorded in Table I 
have been explained by Debye and Cashin? by assuming the 
probable presence of microgel. 

The work on GR-S was done with a sample prepared for us by 
the Polymer Corporation at Sarnia, Ontario, Canada. Since ac- 
cording to Baker‘ a conversion higher than 60 percent will 
produce microgel, this sample was carried to less than 20 percent 
conversion and we believe that the presence of microgel is im- 
probable in our solutions.’ Moreover the effect resulting from 
microgel should be independent of the solvent, as shown by our 
results with ethylene chloride. 

It has been shown® that the composition of GR-S copolymer 
changes during conversion. The refractive index of the bulk 
polymer formed will be an average value with part of the polymer 
higher and part lower in index than the average. 

In the case of a composition homogeneous co-polymer, a solution 
prepared with a solvent of refractive index identical to that of 
the polymer will not give an increase of scattering over that of 
the solvent. This is predicted by the equation since the value of 
(u— o/c)? is obviously zero. 

But in the case of GR-S the use of a solvent of refractive index 
identical to the average refractive index of the polymer will 
increase the scattering over that of the solvent, even if the re- 
fractive index increment is zero. 

The reason is that the refractive index increment is a summation 
of (u—yo) terms for values of uw higher and lower than yo and 
thence can be zero, whereas the scattering is a summation of 
(u— uo)? terms over the same range for yw and this cannot be zero. 

It is then proposed to determine the composition heterogeneity 
of a sample of GR-S by determining the M.W. by light scattering 
with a series of solvents of refractive index such that the refractive 
increment would tend toward zero. If the GR-S is homogeneous 
in composition, no change in M.W. will appear, but in the other 
case large differences should occur as shown in Table I for toluene 
solutions. 

1R. Rivest and M. Rinfret, J. Chem. Phys. 18, 1513 (1950). 

2 P. Debye and W. M. Cashin, J. Chem. Phys. 19, 510 (1951). 

3R. Tremblay, M.S. thesis, Université de Montréal (1951). 

4W. O. Baker, Ind. Eng. Chem. 41, 511 (1949) 


5 A. I. Medalia and I. M. Kolthoff, J. Polymer Sci. 6, 433 (1951). 
6 E. J. Meehan, J. Polymer Sci. 1, 318 (1946). 





Carrier-Free Radioisotopes from Cyclotron Targets. 
XXVI. Preparation and Isolation of W'*! 
from Tantalum* 


JEANNE D. GILE, WARREN M. GARRISON, AND JOSEPH G. HAMILTON 


Crocker Laboratory, Radiation Laboratory, Divisions of Experimental 
Medicine, Radiology and Medical Physics; University of 
California, Berkeley and San Francisco, California 


(Received December 3, 1951) 


EUTERON bombardment of tantalum produces the 140-day 
W'8! by the nuclear reaction! Ta!*!(d, 2n)W'*!. This paper 
reports a radiochemical isolation of carrier-free W'*! from a 
tantalum target bombarded with 19-Mev deuterons in the 60-inch 
cyclotron at Crocker Laboratory. Other possible concurrent re- 
actions include formation of radioisotopes of tantalum by the 
(d, p) reaction and hafnium by the (m, p) reaction. 
The target, a circular plate of tantalum metal* approximately 
10 mils thick, mounted in a bell-jar type of target assembly, was 
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bombarded with 19-Mev deuterons for a total of 500 microampere- 
hours at an average beam intensity of 20 microamperes. The back 
of the tantalum foil was cooled with a stream of cold water. After 
bombardment, the tantalum foil was trimmed and the inactive 
metal discarded. The tantalum was dissolved in a minimum 
volume of 16 N HNO; containing 10 percent HF by volume in a 
platinum evaporating dish. The HF was removed by boiling with 
36 N H2SO, and the cooled acid solution poured slowly into an 
excess of 20 percent NaOH with constant stirring. The precipitate 
was digested for 30 minutes and the tantalum hydroxide separated 
by centrifugation with repeated reductions in volume of the basic 
solution. The carrier-free tungsten was retained in the super- 
natant. This process was repeated three times to insure complete 
removal of the radio-tungsten from the tantalum target. The 
combined supernatants were evaporated to a small volume, the 
Na2SO, formed by evaporation was centrifuged out, and the radio- 
tungsten was recovered in the supernatant. The basic solution 
was acidified with HCl, 5 mg of Fe** were added, and the solution 
carefully brought to pH‘ with NaOH. At this pH the Fe(OH); 
carries the radio-tungsten quantitatively. Three such precipita- 
tions were done to insure the complete removal of any tantalum 
present. The Fe(OH); was dissolved in 6 N HCl and the iron 
extracted with ethyl ether. The aqueous phase containing HCl 
and W'*! was evaporated to dryness on 20 mg NaCl. The activity 
dissolved quantitatively in distilled water. 

The decay curve was followed for 130 days and showed the 
140-day half-life of W'*!. Mass absorption measurements in 
aluminum and lead showed the 0.07-Mev conversion electron 
and the 0.13 Mev and 1.8 gamma-rays previously reported for 
W'*13 A trace amount of carrier-free tungsten was added to a 
solution containing milligram amounts of tungsten, tantalum, and 
hafnium—the tungsten fraction was separated chemically and 
contained 98 percent of the activity. 

We wish to thank Professor G. T. Seaborg for helpful sug- 
gestions, Mr. B. Rossi and the crew of the 60-inch cyclotron at 
Crocker Laboratory for bombardments, and Miss Margaret Gee 
for technical assistance in counting. 

* This document is based on work performed under Contract No. W-7405- 
eng-48-A for the AEC. 

1G. T. Seaborg and I. Perlman, Revs. Modern Phys. 20, 585 (1948). 


2 Spectrographic analysis of tantalum foil showed it to be tungsten-free. 
3G. Wilkinson, Nature 160, 864 (1947). 





Relations between Activation Energy, Rate of 
Reaction, Bond Dissociation Energy, and 
Heats of Formation, Atomization, and 

Reaction for the Substituted Methanes 


H. J. BERNSTEIN 
Division of Chemistry, National Research Council, Ottawa, Canada 
(Received December 4, 1951) 


Y considering the contributions from interactions between 
nonbonded atoms to be additive, the heats of atomization of 
the molecules in homologous series can be related to one another.! 
For the substituted methanes CX4_nYn, the heat of atomization 
Q is a parabolic function of the number of substituents .! This 
relation becomes linear if the contribution to the heat of atomiza- 
tion from the interaction of two nonbonded X atoms and two 
nonbonded Y atoms is very nearly equal to twice the contribution 
from interaction of an X atom with a Y atom.! 

The heat of the reaction CX4_nYn—CX3_nYn+X is the bond 
dissociation energy D of the C—X bond. If the bonded and non- 
bonded contributions to the energy of the radicals are considered 
to be strictly additive an approximately linear relation between 
DCX3_nYn—X and number of substituents ” is obtained. Elimi- 
nation of m gives an approximately linear relation between 
Qcxs_n¥n, and Dcx3_nY,—x for substituted methanes. 

For the reaction M+CX4_nYn—MX+CX3_,Y, to take place 
M approaches the substituted methane at an X atom and in a 
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direction collinear with or almost collinear with a C—X axis! 
We may assume therefore that the activated complex has the 


structure 
M:--X-+-CX3_nYn,; 


for all the 3-atom reactions of M with this homologous series, 
Assuming that all bonded and nonbonded contributions to the 
heat of atomization of these activated complexes are additive, it js 
readily shown in the manner previously described! that the heat 
of atomization of the complex is also very nearly linear in n, 
Since the activation energy is 


Qactivated complex — Qm aad Qcx4 nYny 


it is apparent that the activation energy £, is also an approxi- 
mately linear function of m. Hence, the following approximate 
relations exist between the activation energy (£), the bond 
dissociation energy (D), the heat of formation (AH;), the heat of 
atomization (Q), and the heat of reaction? (AH), for the sub- 
stituted methanes: 


AE=c,AD=c2A(AHs) =c;3AQ=c,AH. (1) 


The relations between AE and AD, and AE and Ad, have been 
discussed in the literature‘ in the special case where M is a 
sodium atom. The treatment given here is quite general and M 
may be polyatomic. 

The activation energy and rate of reaction v, for the mth 
substituted methane in the 3-atom reactions given above are 


related by 
In =A ne ~BalRT ~ A e~ Hol RT. gn ERT (2) 


since E,~E +n, with Eo and E; constants. If A» is nearly 
constant or if InA, is a linear function of n, it is apparent that 


Inv,=Cotcm, (3) 


where ¢o=[InA,—(Eo/RT)]=Inv® and ¢:=E;/RT. Since 
A, «e*/R there must be a linear relation between the energy of 
activation and the entropy of activation in order that Eq. (3) be 
valid. Equation (3) has been discussed in the literature’ for 
equilibria involving changes of substituents but not in homologous 
series. It interprets quantitatively the extensive data on sodium 
“flame” reactions with the halogenated methanes.® 

A Br¢gnsted-like® or Hammett-like’ relation may be obtained 
between the equilibrium constants K; and Kz» for two types of 
3-atom reactions of the substituted methanes since 


Ke = 2/0_2, 
and logK;=logv;—logv_; and logK2=logv2—logv_2. When Eq. (3) 


is valid, logK is very nearly a linear function of m. Eliminating » 
gives the relation 


Ki=n (forward) /71 (backward) > 0;/0_1, 


logK,™ ~a logK,™-+8, (4) 


where a and 6 are constants and K; and K,™ are the equi- 
librium constants for reactions 1 and 2 involving the mth sub- 
stituted methanes. 

One might expect the relations given in (1) to be approximately 
valid also for the RX series in which R= methyl, ethyl, isopropy|, 
and tertiary butyl if the CH; group may be treated as a single 
particle; although here the importance of steric effects can be 
anticipated. 

The detailed derivations of the relations given here will be 
presented in forthcoming publications. 


1H. J. Bernstein, J. Chem. Phys. 19, 140 (1951). In Eq. (3) there has 
been a printer’s error. It should read Pn =Po+(n/4)(Ps—Po+8A) —n?-A/2. 

2 Glasstone, Laidler, and Eyring, The Theory of Rate Processes (McGraw- 
Hill Book Company, Inc., New York, 1941), p. 88. 

_ 4Since the heat of reaction is Omx +QOcxs-nYn —Om —QOcx4-nYn and 
since both Ocx3-nYn and Qcx4-nYn are linear functions of m, the heat o 
reaction is also linear in n. 

4M. G. Evans and M. Polanyi, Trans. Faraday Soc. 34, 11 (1938), 
5“ A is not far from being constant for a given type of reaction” (A. F. 
Trotman-Dickenson and E. W. R. Steacie, J. Chem. Phys. 19, 329 (1951)): 
6 Reference 2, p. 8. 
7L. P. Hammett, Physical Organic Chemistry (McGraw-Hill Book Com- 
pany, Inc., New York, 1940), p. 184. 
8 See review article by E. Warhurst, Quart. Rev. V 44, (1951). 
—_ MY — Acid-Base Catalysis (Clarendon Press, Oxford, England, 
» D. OZ. 
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The Atomic Weight of Silicon 


JAMES F. NORTON AND PAUL D. ZEMANY 


General Engineering Laboratory and Research Laboratory of the 
General Electric Company, Schenectady, New York 


(Received December 4, 1951) 


HE atomic weight of silicon currently’ accepted is 28.06. 

This value is based largely on determinations of AgCl from 

SiCl, and was adopted? after the improved results of Baxter, 
Weatherill, and Scripture were announced.’ 

An independent determination’ by the same method gave the 
value 28.105. The constancy of the value for silicon of different 
origins was demonstrated® also by the same method. There have 
been, however, some more recent different estimates of the atomic 
weight of silicon by physical methods. Other chemical evidence® 
suggests the value accepted is too low. 

Since the value is of importance to this Laboratory, we have 
made a mass spectroscopic estimate of the atomic weight of silicon, 
using the same type instrument to determine both the mass 
packing fraction and isotope abundance distribution. The instru- 
ment used was the General Electric analytical mass spectrometer, 
essentially a 60° deflection type.’ 

The mass packing fraction was estimated by measuring the 
linear separation® of the chart recording of the doublets 
Sit*®’— COt, Sit?8—N,*, and Sit?8—C,H,*, which together com- 
prise a quadruplet when a mixture of SiH,, Ne, CO, and C2H, are 
admitted simultaneously to the mass spectrometer. The mass 
scale was determined by continuing the sweep to other adjacent 
peaks, and interpolating. At the sweep speed used the separation 
at mass 28 was 32.0 cm/unit mass. The separations of the doublets 
observed for three separate determinations are given in Table I 











TABLE I. 
Separation cm Atomic weight of Si28 » —— 
Doublet I II III I II III 
Si8—CO 0.66 0.67 0.70 27.9832 27.9829 27.9820 
Si8Ne2 0.95 0.92 0.95 27.9854 27.9863 27.9854 
Si®CoH 4 1.90 1.92 1.91 27.9884 27.9897 27.9881 


average 27.9855 +0.0030 








*The molecular weights of CO, Nz, and CH, are taken as 28.0038, 
28.0151, 28.0477 calculated from the values in J. Mattauch, Nuclear Physics 
Tables (Interscience Publishers, Inc., New York, 1946). These are, for our 
purpose, equivalent to more recent determinations by A. O. Nier and T. 
R. Roberts, Phys. Rev. 81, 507, 624 (1951). 


together with the calculated values for the atomic weight of 
silicon. 

The final result is taken as 27.986+-0.003. This is in agreement 
with the more precise values of 27.98581 determined by the mass 
spectrograph® and 27.98639 from transmutation data.” Fortu- 
nately, the excess kinetic energy! of the ions measured was 
small. 

The silicon isotope ratios in the SiF; ion from SiF, were meas- 
ured and gave the relative amounts listed in Table II, where they 
are compared with other determinations of this ratio. 

We are indebted to Dr. N. C. Cook for the preparation of 
the SiF;. 

To calculate the atomic weight of silicon the exact masses of 
the other two isotopes are required, although no sensible error 
would be made if unit atomic mass were added for the Si” isotope 
and two for the Si® isotope. To fill this gap in data, the measure- 











TABLE II, 
This investigation a b c 
Si28 92.14 92.28 92.16 92.26 
Siz9 4.73 +0.10 4.67 4.71 4.68 
Si 3.13 +0.10 3.05 3.13 3.05 








+M. G. Inghram, Phys. Rev. 70, 653 (1946). 
J. R. White and A. E. Cameron, Phys. Rev. 74, 991 (1948). 
* D. Williams and P. Yuster, Phys. Rev. 69, 556 (1946). 
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ments of reference 9 are used. The physical atomic weight 
(O*= 16.0000) is then 28.096 and the chemical 28.088+-0.004. 
The conversion factor of 1.000272 was used.'” 


1E. Wichers, Report of Committee on Atomic Weights, J. Am. Chem. 
Soc. 72, 1431 (1950). 

2 Bodenstein, Hahn, Hénigschmid, and Meyer, Ber. deut. chem. Ges, 
57B, 1 (1924). 
on ray Weatherill, and Scripture, Jr., Proc. Am. Acad. Arts and Sci. 58. 

4 Hénigschmid and ae, Z. anorg. u. allgem. Chem. 141, 101 (1924). 

5 P. L. Robinson and H. C. Smith, J. Chem. Soc. 1262 (1926). 

6 Balis, Gilliam, Hadsell, Liebhafsky, and Winslow, J. Am. Chem. Soc. 
70, we. (1948). 

A. O. Nier, Rev. Sci. Instr. 11, 212 (1940). 

oP: D. Zemany, Anal. Chem. 22, 920 (1950). 

®°H. E. Duckworth and R. S. Preston, Phys. Rev. 79, 402 (1950); Duck- 
worth, Preston, and Woodcock, Phys. Rev. 19, 188 (1950). 

10 Ernest Pollard and D. E. Alburger, Phys. Rev. 72, 1196 (1947). 

11H. Hagstrum, Phys. Rev. 59, 354 (1941). 

12 R. T. Birge, Revs. Modern Phys. 13, 233 (1941). 





Brgnsted and Lewis Acidity 


W. F. LupER 
Northeastern University, Boston, Massachusetts 
(Received November 30, 1951) 


N reply to the letter of Ricardo de Carvalho Ferreira,! 
criticizing my position on the electronic theory of acids and 
bases, I should like to point out that his own position can be 
maintained only by ignoring an essential part of the Lewis theory. 
As has been stressed previously,?~ if one follows Lewis, it is 
unnecessary to make any distinction between “Lewis acidity” 
and “Brgnsted acidity.” On the contrary, when applied to hydro- 
gen acids, the two theories are absolutely identical. 

Lewis, equally with Brgnsted, recognized the importance of the 
displacement of one base by another. Hydrogen chloride is a 
secondary acid in which, one may consider, a primary acid (the 
proton) is combined with a base (the chloride ion). The following 
equations may emphasize the identity of the two theories for 
hydrogen acids: 


:-C::N:- + Ht— H:C::N: j 
base primary 
acid 
rneutralization. 


(CH3)2C::0: + BCl; — (CH3)2C::0:BCl; 
base primary 
acid J 
The two products may react with bases by displacement; when 
so doing, they are called secondary acids. 
+ 





H 


H:C:!N:+H:0O:-H>|H:0:H| + :C::N- 


secondary —_ base displacement 
acid 

{ of one base 

by another. 


(CH,):C::0:BCls + CsHsN: > 
secondary acid base 





C,H,N:BCl; +-(CH,)2C::0:] 


Consideration of these examples and many others shows that 
“Lewis acidity” is not “solely determined by the partial positive 
charge of the hydrogen atom,” nor is it necessary to “study the 
two kinds of acidity separately.” 

In the displacement reactions of hydrogen acids the two theories 
are identical. 

1R, Ferreira, J. Chem. Phys. 19, 794 (1951). 

2Luder and Zuffanti, The Electronic Theory of Acids and Bases (John 
Wiley and Sons, Inc., New York, 1946). 

?Luder and Zuffanti, Teoria _— de Acidos y Bases (Libreria y 


Editorial Alsina, Buenos Aires, 1 
4 Luder, J. Chem. Educ. 25, sss. (1948). 
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Potential Constants for Diacetylene* 
SALVADOR M. FERIGLE,t Forrest F. CLEVELAND, AND 
ARNOLD G. MEISTER 


Spectroscopy Laboratory, Department of Physics, Illinois Institute of 
Technology, Chicago 16, Illinois 


(Received November 28, 1951) 


HE potential (force) constant corresponding to the central 
carbon-carbon bond stretching of diacetylene (DA) has been 
given as 3.58! and 3.23 md/A.? On the other hand, the central 
carbon-carbon bond distance obtained from electron diffraction 
measurements? is 1.36-+-0.03A, the low value of the bond distance 
being interpreted as partly the result of a shortening of the single 
bond radii, but mainly to some double bond character arising 
from resonance. The effect of the resonance should be, generally 
speaking, an increase in the potential constant as compared with 
that of a single bond, which normally is about 5 md/A. Longuet- 
Higgins and Wheland‘ tried to justify the low value of the poten- 
tial constant by using the formulas developed by Coulson and 
Longuet-Higgins® for conjugated hydrocarbons, assuming that the 
self-polarizability of the bond is very high. Hornig® also tried to 
justify the low potential constant in a rather crude qualita- 
tive way. 

The low value of the potential constant was obtained as a 
consequence of the assignment of the 644 cm™ band of DA as an 
Ai, fundamental. It seems that this assignment was based upon 
the fact that 644 cm™ was the highest observed Raman displace- 
ment, with the exception of the 2183 cm line which obviously 
corresponds to the triple bond stretching fundamental. Recently, 
A. V. Jones’ has obtained new Raman and infrared spectral data 
for DA. He assigned the central carbon-carbon stretching funda- 
mental to a polarized Raman line at 874 cm“, which had not been 
observed in previous investigations, and ascribed the line at 642 
cm™ to a hydrogen bending vibration. Quite independently, the 
same assignment for the 642 band had previously been made® in 
this laboratory by comparison of the vibrational data of a number 
of molecules containing the —C=C—H group, for which fre- 
quencies close to 644 cm™ have been assigned to bending modes; 
and also by the measurement of the depolarization factors of the 
dimethyldiacetylene (DMDA) Raman lines and a correlation 
study of DA and DMDA. 

The fundamental frequencies of DA obtained by Jones’ are 
given in Table I. Using these, potential constants have been 
calculated by the Wilson FG matrix method. The g matrix 
elements were obtained from the tables of Decius;™ the justifi- 
cation for using these tables for linear molecules has been given 
previously.!! The potential constants thus obtained are given in 
Table II. With these constants, the calculated wave numbers 
were within 1 cm™ of the observed values. 

The potential constant for the central bond (fm) is very close 
to the value recently reported for cyanogen (6.75 md/A).!? If the 
formulas of Coulson and Longuet-Higgins® are applied, the present 
results show that the self-polarizability of the bond must be small; 
Duchesne and Burnelle state that this is practically certain for 
cyanogen. 


TABLE I. Wave numbers corresponding to the fundamental vibrational 
frequencies of diacetylene (H —C =C —C =C —H).® 








Type Designation Wave number (cm™) 





Aw V1 (3333)> 
Aig v2 2184 
Aig v3 874 


A lu v4 3333 
Alu ¥% 2020 


Ev v6 627 
Ew v7 482 


Buu 630 
Buu (220)> 








® A. V. Jones, reference 7. 
b Not observed. 
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TABLE II. Potential constants for diacetylene.* 








Value 
5.90149b 
15.5039 
6.63009 
—0.132044 
0.767722 
0.0226 


0.22080¢ 
0.34745 


Constant Description 





stretching 
stretching 
stretching 

> tion stretching 


0.20667 
0.317476 


AAD A Az 9000 


0.0707 0.1269 


0.0030711 0.0028745 








® Bond constants are in md/A, and angle constants are in md A/rad?, 
The number of figures in the potential constants was retained to insure the 
best reproduction of the frequencies and to secure internal consistency in 
the calculations; the values are, of course, not reliably known to this many 
figures. In the constant symbols, m suggests middle bond; #, triple bond; 
and a, acetylenic hydrogen bond. 

b Transferred from acetylene. 

¢ The 2 values for the bending vibrations result from the solution of a 
quadratic equation. 


The potential constants obtained here are being used to calcu- 
late the fundamental frequencies of DMDA. A more complete 
discussion of the results given in this paper will be presented in 
the future. 


* Supported in part by a research grant front the Research Corporation, 
and in part by contract DA-11-022-ORD-464 with the Office of Ordnance 
Research. 

+ Based upon a part of a Ph.D. thesis. 

1T. Y. Wu and S. T. Shen, Chin. J. Phys. 2, 128 (1936). 

2A. G. Meister and F. F. Cleveland, J. Chem. Phys. 15, 349 (1947). 

3 Pauling, Springall, and Palmer, J. Am. Chem. Soc. 61, 927 (1939). 

4H. C. Longuet-Higgins and G. W. Wheland, Ann. Rev. Phys. Chem. 
133 (1948). 

5C. A. Coulson and H. C. Longuet-Higgins, 
A193, 456 (1948). 

6D. F. Hornig, ONR Technical Report No. 15 (1950). 

7A. V. Jones, Paper at the Symposium on Molecular Structure and 
Spectroscopy, Ohio State University, June, 1951; and private communi- 
cation. 

8 Ferigle, Cleveland, and Meister, Phys. Rev. 81, 302 (1951). Also, Paper 
at the Symposium on Molecular Structure and Spectroscopy, Ohio State 
University, June, 1951. 

9 E. B. Wilson, Jr., J. Chem. Phys. 7, 1047 au 9, 76 (1941). 

10 J, C. Decius, J. Chem. Phys. 16, 1025 (19 

11S, M. Ferigle and A. G. Meister, J. «Rossy _ 19, 982 (1951). 

12 J, Duchesne and L. Burnelle, J. Chem. Phys. 19, 1191 (1951). 
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On the Principle of Thermal Interaction 


Hans HOLtTAN, JR. 
Norges Tekniske Hoegskole, Trondheim, Norway 
(Received December 17, 1951) 


N a recent Letter to the Editor of this journal,! P. Mazur 
criticizes a paper? in which I introduced a new hypothesis, 
“the principle of thermal interaction.” The aim of this hypothesis 
was to describe the interaction between the flow of entropy cor- 
nected to the flow of heat and that connected to the transport of 
matter, leading to relations between thermodynamic variables in 
the stationary states. This is not the same as an evaluation of 
the mutual phenomenological coefficients, which of course have 
to be based on a kinetic treatment. It is quite obvious that it is 
impossible to express the rate by which these stationary states 
are reached by thermodynamic methods just as the equilibrium 
states in isothermal systems are described by classical thermo 
dynamics, whereas the reaction rates have to be treated by the 
kinetic theory. 

The gaseous thermocell treated in my paper is a typical limiting 
case restricted by (1) the tube is able to maintain the pressure 
difference ideally (no mass concentration) and (2) the gas is ideal. 
It follows from (1) that the tube has to be very narrow. It should 
be obvious that the derivation given is not valid for wider tubes. 
The calculated pressure difference is the maximum one. 


1P, Mazur, J. Chem. Phys. 19, 1431 (1951). 
2H. Holtan, Jr., J. Chem. Phys. 19, 520 (1951). 
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Binding Energies of Gaseous Alkali Hydrides 


WILLIAM A. KLEMPERER AND JOHN L. MARGRAVE* 


Department of Chemisiry and Chemical Engineering, 
University of California, Berkeley, California 


(Received December 17, 1951) 


pring has recently proposed a simple procedure for cal- 
culating the binding energy of gaseous alkali halide mole- 
cules in which the molecule is treated as consisting of ions, each 
of which is polarized by the electrostatic field of the other. On 
this basis the following equations give the binding energy —W 
and the dipole moment y, respectively, at 0°K: 


W= +A exp(—r/p)—(C/r'), 
(Caisxton-terenves) 
p= eCr— ’ 


P—4ara? 








e* e?(a1tae) 2e?a1a2 


 aaconth gto 


r 2r* "es 


a, and a:=polarizabilities of the ions, e=electronic charge, 
r=equilibrium internuclear distance at the potential minimum, 
pand A=repulsion constants, and C=van der Waals’ attractive 
constant. The value for p is obtained by applying the usual require- 
ments for mechanical stability, i.e., 


(dW /dr)r=req=0 
and 
(d?W /dr?)r=req= P (force constant). 


The application of these equations to the entire group of alkali 
metal halides gave generally good agreement between calculated 
binding energies and the so-called experimental binding energies 
given by 

—-W=D+I1-E, 


where D is the dissociation energy of the ionic molecule into 
neutral atoms, J is the first ionization potential of the alkali 
atom, and E is the electron affinity of the halogen atom. 

There are, however, two objections to the conclusion that the 
agreement obtained by Rittner indicates complete validity of his 
proposal: (1) The values for the dissociation energies of the alkali 
metal halides have not been independently determined from 
spectroscopic data but are most commonly obtained through the 
application of thermochemical cycles involving the heats of sub- 
limation of the salts, the dissociation energies of the halogen 
molecules, the electron affinities of the halogen atoms, and other 
thermochemical data; and (2) Brewer and Mastick? have obtained 
agreement equally as good as Rittner in calculations considering 
the alkali metal chlorides, bromides, and iodides as gaseous ionic 
molecules by making no allowance for either repulsion or polariza- 








r M aH kcal kcal kcal 
: X108 4 =<1024 we as a 
Compound ecm 3 cm? cm~! mole mole mole 





60 
49 


1.595 J 1.80 
1.887 17 1.80 
2.244 d 1.80 
2.367 é 1.80 
2.494 ‘ 1.80 


1405.65 

1172.2 
985.0 
936.77 
890.7 


124.26 17. 
118.45 17. 
100.05 17. 
96.27 17.3 
89.75 17. 


40 
42 


1 
1 
1 
1 
1 
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kcal 


mole 
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tion effects but merely by using e?/r, the electrostatic attraction, 
as the energy of separation of the ions. They conclude that “in the 
gaseous state distortion of the positive and negative ions may 
occur to a great extent thereby increasing the bonding energy 
which, supplemented by increased dispersion forces, apparently 
cancels the repulsive force.” 

It thus seems important to present the results of some calcula- 
tions concerning the alkali metal hydrides following Rittner’s pro- 
posed model since (1) the spectra of these molecules have been 
well analyzed and their dissociation energies are known within a 
few kcal/mole,‘ and the electron affinity of H has been calculated 
very exactly ;5 and (2) the application of the method of Brewer 
and Mastick does not lead to the proper results for the binding 
energies of these hydrides. In Table I are listed the data used® 
and in Table II are the results of these computations. 

The agreement between the calculated and experimental values 
of the binding energies is very satisfactory and within the uncer- 
tainties of the values for the dissociation energies. The lack of 
experimental values for the heats of sublimation of these com- 
pounds prevents correlation with thermochemical data on the 
solid compounds and the calculated crystal energies of the solids. 
It seems definite, however, that the relative effects of polarization 
and repulsion as computed are very near to those actually existing 
in gaseous alkali hydrides. The dipole moments have also been 
calculated but no experimental data are available for comparison.’ 

In view of the excellent agreement obtained both in this work 
and that of Rittner, it was thought worthwhile to make similar 
computations for the gaseous alkaline earth oxide molecules. Very 
poor agreement between the calculated and experimental values 
was found, the discrepancies amounting to 80-100 kcal/mole. 
Similarly, an attempt to apply this method for calculation of the 
binding energies of HF and HCI failed to yield the correct binding 
energies and gave negative values for the dipole moments. 

* AEC Post-doctoral Fellow, 1951. 

1E. Rittner, J. Chem. Phys. 19, 1030 (1951). 

?L. Brewer and D. Mastick, J. Am. Chem. Soc. 73, 2045 (1951). 

a Gaydon, Dissociation Energies (John Wiley & Sons, Inc., New York, 
1947). 

4G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand Com- 
pany, Inc., New York, 1950). 

5L. Henrich, Astrophys. J. 99, 59 (1944). 

6 Values for r and we are from reference 4; ay values are from L. Pauling, 
Proc. Roy. Soc. (London) A114, 181 (1927); ay was computed from the 
data of H. Bode, Z. Phys. Chem. 6B, 251 (1930); Jag values are from L. 
Brewer, The Chemistry and Metallurgy of Miscellaneous Materials, NNES 
IV-19B (McGraw-Hill Book Company, Inc., New York, 1950), p. 165; 
a. is from reference 5; and D.'’s were computed from data in references 3 
and 4. 

7 A quantum-mechanical calculation of uy jxq indicates a dipole moment 
of 3.5 D. See M. Adamov, Zhur. Fiz. Khim. 23, 1172 (1949). 





Erratum: Infrared Spectra of n-Acetylglycine and 
Diketopiperazine in Polarized Radiation 
at 25° and at — 185°C 
[J. Chem. Phys. 19, 1147 (1951)] 


ROGER NEWMAN AND RICHARD M, BADGER 


Gates and Crellin Laboratories, California Institute of Technology, 
Pasadena, California 


HE [101] direction in diketopiperazine crystals was errone- 
ously referred to as [101]. 





Erratum: Thermodynamic Data and Some Notes 
on the Nature of Adsorbed Helium 
[J. Chem. Phys. 19, 1370 (1951)] 


S. V. R. MASTRANGELO AND J. G. ASTON 
School of Chemistry and Physics, The Pennsylvania State College, 


State College, Pennsylvania 
HE byline of this article appeared as “The Barrett Division, 
Allied Chemical and Dye Corporation, Philadelphia, Penn- 
sylvania, and it should have been “School of Chemistry and 
Physics, The Pennsylvania State College, State College, Penn- 
sylvania.” 
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The Microwave Spectra of POF; and PSF;* 
Norvat J. HAwWKINSt AND V. W. COHEN 
Brookhaven National Laboratory, Upton, Long Island, New York 
AND 


W. S. Koski 


Department of Chemistry, The Johns Hopkins University, 
Baltimore, Maryland 


(Received December 10, 1951) 


E have examined the microwave spectra of PS**F;, PS*F3, 
PO“F;, and PO!8F; using a 100-kc Stark modulated spec- 
trometer.! The PSF; and POF; were prepared by reacting PbF2 
with P.S; and P.Os, respectively.2 The PO'%F; was prepared by 
reacting PF; with oxygen.’ The oxygen in turn was prepared by 
electrolysis of enriched HO (1.5 percent O18) obtained from Oak 
Ridge. The data are summarized in Table I. Using this data and 
the FPF angle of 100° in PSF; and 106° in POF; as obtained from 
electron diffraction*® we obtain the following bond distances: 
PS distance of 1.86A and a PF distance of 1.53A in PSF3;; a PO 
distance of 1.48A and a PF distance of 1.52 in POF;. It will be 
noted that the value of the rotational constant for POF; 4594.26 
+0.01 as measured differs from the value of 4593.50+-0.02 as re- 
ported by Senatore® for JO—1 transition. 


TABLE I. Frequencies of PSF; and POF; lines. 








Line Frequency 





J3—4 
J4-5 
J4-95 
J4-5 
J4-5 


PSF; 21,260.95 +0.05 mc/sec 
26,576.36 +0.03 
26,553.58 +0.08 
26,595.5 +0.1 


26,531.5 +1 


eeeee 


J4-5 
J4-5 
J4-5 


25,797.87 40.03 
25,775.3 +0.5 
25,818.0 +2 


NK Oo Whoo 


eee 


J1i—2 
J2-3 
J2—3 


18,377.03 +0.05 
27,565.42 +0.05 
27,539.39 +0.05 


see 
-OooOo 


J2-—3 


e 
o 


26,391.61 +0.10 








From the measured linear Stark components in PSF; and the 
quadratic Stark components in POF;, we calculate the dipole 
moments to be 0.6333 percent and 1.693 percent, respectively. 
These values have been determined relative to OCS.’ 

During the course of this investigation, the work of Gordy? on 
these molecules has come to our attention. Good agreement exists 
in the two investigations in those phases of the work that overlap. 
It should also be mentioned that a rough measurement of the 
PSF; (J4—5) frequency has been made previously by Roberts.® 

It will be noted that the PF and PS bond distances reported 
here are appreciably smaller than the corresponding double bond 
distances listed by Pauling.’ This shortening of the bonds and 
the observed dipole moment can be accounted for if one assumes 
that 3d orbitals are involved, that there is an appreciable amount 
of triple bond contribution to the PF and PS bonds and that the 
bonds involved in various resonance structures involve consider- 
able amount of ionic character. Similar considerations are appli- 
cable to POF. 

* Research carried out under contract with AEC. 

t Present address: G. E. Research Laboratory, Schenectady, New York. 

1 Wentink, Koski, and Cohen, Phys. Rev. 81, 948 (1951). 

2 Thorpe and Rodger, J. Chem. Soc. 53, 766 (1888). 

3 Moisson, Compt. rend. 99, 655 (1884). 

‘Stevenson and Russell, J. Am. Chem. Soc. 61, 3264 (1939). 

5 Brockway artd Beach, J. Am. Chem. Soc. 60, 1836 (1938). 

6 Samuel J. Senatore, Phys. Rev. 78, 293 (1950). 

7Shulman, Dailey, and Townes, Phys. Rev. 78, 145 (1950). 

§ Quarterly Progress Report of Microwave Research, Duke University, 
May 1 to August 1, 1950. 

*® Kisliuk and Townes, J. Research Natl. Bur. Standards 44, 611 (1950), 


Linus Pauling, Nature of Chemical Bond (Cornell University P 
Ithaca. New York, 1945), second edition, p. 164. sat 
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Atmospheric Transmission at High Temperatures’ 
J. H. Taytor, W. S. BENEDICT, AND J. STRONG 


The Johns Hopkins University, Silver Spring, Maryland 
(Received January 7, 1952) 


NFRARED absorption spectra at controlled elevated tem. 

peratures provide information on the higher energy levels of 
molecules and transitions among them. Both are of practical 
interest. The former are needed to determine thermodynamic 
properties, and the latter is involved in calculations of radiant 
heat transfer in the atmosphere and in hot gases. 

A Pfund-type absorption cell with two platinized quartz mirrors 
has been made of porcelain lined steel. This provides a three- 
meter path which can be uniformly heated to any temperature 
up to 1000°C. The path length outside the cell is seven meters. 
The spectra we have taken were obtained with a Perkin-Elmer 
spectrometer with NaCl prism (4.5-15u4) and a grating spec- 
trometer with four preliminary MgO reflections (14-25). A car- 
bon arc source was used. 

With our present path lengths and resolving power the spectrum 
of room temperature air shows a number of pure rotation lines 
of H.O from 410 to 650 cm™!, the 619, 667, and 721 cm™ bands of 
COs, and the partially resolved 64 band of H:O. The spectrum 
at 500°C shows nearly 100 new temperature dependent H,0 lines 
in the pure rotation region from 410 to 950 cm™, a number of 
new peaks between 500-828 cm which may be identified as 

(040-050) 
the Q branches of CO: bands from levels as high as (120-130), 

(200-210) 
and a considerable broadening of the 6u water band. Most of the 
new H;0 lines have been identified as higher level transitions in 
the pure rotation band. A few rotational transitions within 
the v2 level have also been found. The intensity of the new lines 
is in agreement with calculations based on the tables of Cross, 
Hainer, and King,! and the energy levels with a few exceptions 
agree with those inferred from other spectra.” 

Figure 1 shows the two sample tracings of the spectral region 
between 513-566 cm™, one with the cell at 25°C and the other 
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Fic. 1. Lower trace: grating spectrum, 513-566 cm~1, with air-filled cell 
at 25°C, Upper trace: grating spectrum with cell at 500°C. Tabular insert 
gives origin, wavelength, and intensity of selected H2O lines. 
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with the cell slightly above 500°C, In the table A obs is the absorp- 
tion at the line center in percent: Acaie is proportional to the 
expression, A=[(Sax)#]/Av, where S is the theoretical line 
strength, a the line half-width, x the water vapor content in the 
path, and Av the spectrometer slit width. 

The investigation is continuing to determine the spectra of 
various amounts of H,O, COs, and other gases at several elevated 
temperatures. 

*This work was supported by Contract Nonr-248(01). 

1Cross, Hainer, and King, J. Chem. Phys. 12, 210 (1944). 

?Randall, Dennison, Ginsburg, and Weber, Phys. Rev. 52, 160 (1937); 


Benedict, Claassen, and Shaw, J. Research, Natl. Bur. Standards (to be 
published). 





Rate of Coagulation of F-Centers in KCl* 
FLoyp E. THEISEN AND ALLEN B. ScoTT 


Department of Chemistry, Oregon State College, Corvallis, Oregon 
(Received January 14, 1952) 


ECENT studies! have shown that F-centers in additively 

colored KCl come to equilibrium with colloid in about 90 
minutes at 300°, and 45 seconds at 500°. Intense irradiation results 
in coagulation to a broad (R’) band within 2 minutes, provided 
the crystal is allowed to warm during the treatment,? indicating 
that the rate of coagulation, as well as some of the products, is 
strongly influenced by illumination. Because the coagulation of 
F-enters is thought to be analogous to the photographic print- 
out effect, it was desired to investigate the formation of colloid in 


' more detail, in particular the activation energy for thermal 


coagulation and the effect of optical excitation upon the rate. 

A prism monochromator and photomultiplier detection circuit 
were used to follow the decrease in absorption coefficient at 560 mu 
in colored KCl crystals during thermal and optical treatment. 
The initial concentration of F-centers was found spectrophoto- 
metrically by the use of the dispersion formula! and subsequent 
concentrations by assuming the concentration proportional to 
absorption coefficient at 560 mu. A crystal holder enabled the 
crystal under study to be plunged rapidly into a small furnace 
held, within 10°, at each of a series of temperatures, and while 
in the furnace to be moved in and out of position before an 
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Fic. 1. Conversion of F-centers to colloid by heating in darkness 
and with 560 my illumination. 
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aperture in the path of the monochromatic light for absorption 
measurements. When desired, the crystal could also be illuminated 
with approximately 560 my light from a carbon arc, filtered by a 
Wratten No. 74 filter and CuCl; solution. The intensity upon 
the crystal was about 0.2 watt cm~. 

Figure 1 shows the decrease in concentration of F-centers with 
time at several temperatures for typical crystals heated in dark- 
ness and under 560 my illumination. The acceleration by illumi- 
nation is very marked. 

The rate for thermal conversion, without illumination, corre- 
sponded most nearly to that for a second-order reaction; rate 
constants were obtained from the initial slopes of curves of 
reciprocal concentration as a function of time. Initial slopes were 
used because of the reversibility of the reaction; some error is still 
present because of the lack of knowledge regarding the rate of the 
reverse process. At least 3 crystals of each concentration were 
studied at each temperature, to obtain mean rate constants. 
For the set of measurements on crystals initially having about 
17X10'* centers/cc, the mean rate constants lay between 0.882 
X10-'* ccX F-center™! min! at 250° and 3.58X107'9 at 350°. 
The activation energy for the thermal process F-center=colloid is 
8.7+1.2 kg cal mole“. The mean rate constants for initia] con- 
centrations about 21X10'*/cc were somewhat higher, showing 
that the reaction is not strictly second order; the activation energy 
for this series was found to be 10.5--1.5 kg cal mole“. 

Second-order curves for illumination-accelerated reactions 
showed a pronounced change of slope at or before 3 seconds, sug- 
gesting that colloid formation was completed very rapidly, 
followed by slower photochemical formation of R-centers. This 
was substantiated by a negative temperature coefficient of rate 
constant for the second stage, caused undoubtedly by decreasing 
stability of R-centers with increasing temperature, and by forma- 
tion of a broader band with illumination than without it. 

Two explanations for the acceleration by 560 my light seem 
equally plausible; either the F-centers are ionized and the liberated 
electrons are trapped by colloidal centers already forming, re- 
sulting in Coulombic attraction for positive ions or negative ion 
vacancies and increasing their diffusional velocity toward the 
colloid, or R-centers formed photochemically catalyze the coagu- 
lation. 

* Presented in part before the Conference on Electrical and Optical 
Properties of Ionic Crystals, Urbana, Illinois, Oct. 30, 1951. From the MS 
thesis of Floyd E. Theisen. This work was partially supported by the ONR. 


1A. B. Scott and W. A. Smith, Phys. Rev. 83, 982 (1951). 
2A. B. Scott and L. P. Bupp, Phys. Rev. 79, 341 (1950). 





An Absorption Band of NOCI at 30u* 


W. H. EBERHARDT 
School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 


AND 


T. G. BuRKE 


K-25 Laboratories, Carbide and Carbon Chemicals Company, 
Oak Ridge, Tennessee 


(Received December 26, 1951) 


URNS and Bernstein! and Pulford and Walsh? have recently 

published studies of the infrared absorption spectrum of 
NOCI over the region from 1.6 to 25y. In the vibrational analyses 
presented in these papers it was necessary to postulate the 
existence of a band at 332 and 329 cm™ respectively ascribed to 
the vibration v3. The assumption of this band was based on the 
assignment in both cases of four observed bands to the binary 
combinations 2y3, v1-+-v3, 2v1-+v3, and vo+v;3. In the course of a 
study of NO2Cl to be published soon, we have had occasion to 
examine the spectrum of NOC! as an impurity over the entire 
region from 1 to 40u using a Beckman IR-2 spectrophotometer 
with NaCl optics in the range from 1 through 15 and a Perkin- 
Elmer Model 12-C spectrometer with KBr optics in the range 
15 to 254 and with KRS-5 optics in the range from 25 to 40. 
In general, our results are in agreement with those reported in 
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Fic.. 1. Fine structure of vs band of NOCI. Bands indicated by assign- 
ments above curve are ascribed to NOCI*; bands with assignments below 
curve are ascribed to NOCI’, 


references 1 and 2 with the addition of a strong band with origin 
at 329 cm™! for the species NOCI® and at 325 cm™! for NOCI*’. 
The rotational fine structure found in this band and its assign- 
ment in two sets to the isotopic molecules NOCI*® and NOCI* is 
presented in Fig. 1 and Table I. 

The measurements reported for the KRS-5 region were made in 
a 10-cm cell equipped with KRS-5 windows and at a pressure of 
NOCI of approximately 25 mm Hg. A slit-width of 0.40 mm was 
used in the study to obtain maximum resolution. The instrument 
was calibrated with water bands using the frequencies reported by 
Randall, Dennison, Ginsburg, and Weber.* The accuracy of the 
measurements is limited principally by the small amplitude and 
appreciable noise level of the trace resulting from the narrow slits 
and the small emissivity of the source. These factors introduce 
considerable uncertainty in the exact location of the features and 
their magnitude but it is believed that all the features presented 
in the figure are real. 

The rotational structure of the band approaches very closely 
that of a perpendicular band of a prolate symmetric top with but 
a very small central branch resulting from the hybrid character 
of v3. The small and indistinct maximum at 330 cm™ is ascribed 
to this °Q branch. The displacement of the ?Q and ¥Q bands for 
both NOCI* and NOCI*’ from their respective origins is approxi- 
mated by the formula A?=3.3(2m+1)+0.15m? with an uncer- 
tainty of about 0.2 cm™ in the first coefficient and 0.05 cm™ in 
the second. Assuming an average of the electron diffraction values 
of Ig and [¢ for the larger moment of inertia,’ the least moment 
of inertia in the ground vibrational state is estimated from this 
formula as 8.340.5X10- g cm? and in the excited vibrational 
state as 8.0+0.5X10~ g cm?. The value for the ground state is 
in satisfactory agreement with that calculated from the electron 
diffraction data, 9.05 10~” g cm?, and corresponds to an average 
bond angle of 119°. The lower value of J for the first vibrational 


TABLE I. Fine structure of the vz band of NOCI. 








Rotational 
transition NOCI% NOCI7 
—cm*~! 349 cm! 
346.5 342 
340 334 
332 328.2 
330 eee 
325.6 322 
319.2 316.2 
312.5 310.2 
4 307 305 
Band origin 329 325 
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TABLE II. Force constants and isotopic shift of vz band of NOCI. »: =1799, 
v2 =592, vg =329 cm™!, a =116°, ryo =1.14A, rnc] =1.95A. 





Avobs 





Force-field JNO* JNCI® 
1.397 0.192 
1.406 0.187 
1.400 0.107 


4C10# d® 
0.130 


Avealo 


+e 0.9 
0.0334 2.9 4.0 
0.0588 4.1 





Central 
—. 








® Units are megadynes per centimeter. 


state suggests an average bond angle of about 120° for this state, 
Both of the values of J are considerably lower than those sug- 
gested by microwave studies‘ but may be more reliable since the 
microwave spectrum does not give the rotational constant A 
directly and Z4 must be determined as the difference between 
Tz and Ie. 

A calculation of the isotopic shift by the method of Adel using 
the central-force field equations of Radakovic and the force con- 
stants suggested by Burns and Bernstein leads to a rather low 
displacement, 0.9 cm~!. A similar calculation: using the valence- 
force field equations of Kohlrausch® and the frequencies »;= 1799, 
v2=592, and v3=329 cm“ leads to two possible solutions for the 
force constants and isotopic shift. These calculations are sum- 
marized in Table II. The third set of constants is favored on the 
basis of the observed isotopic shift of 4 cm™!. 

* This document is based on work performed, in part, for the AEC by 
Carbide and Carbon Chemicals Company, Oak Ridge, Tennessee and for 
the School of Chemistry, Georgia Institute of Technology, Atlanta, 
Georgia. 

1W. G. Burns and H. J. Bernstein, J. Chem. Phys. 18, 1669 (1950). 

2A. G. Pulford and A. Walsh, Trans. Faraday Soc. 47, 347 (1951). 

3 Randall, Dennison, Ginsburg, and Weber, Phys. Rev. 52, 160 (1937). 

4 Rogers, Pietenpol, and Williams, Phys. Rev. 83, 431 (1951). 

5 A. Adel, Phys. Rev. 45, 56 (1934). 


6K. W. F. Kohlrausch, Der Smekal-Raman Effekt, 


. Erganzungsband 
1931-1937 (Julius Springer, Berlin), p. 66. 





Dielectric Relaxation in Sulfuric Acid* 
J. C. D. Brann, J. C. JAMES, AND A. RUTHERFORD 
The University, Glasgow W. 2., Scotland 
(Received January 18, 1952) 


HE high electrolytic conductance of sulfuric acid (0.01 ohm 
cm~! at 25° for anhydrous H2SO,, cf. 0.0107 ohm cm™ for 
0.1 N sodium chloride solution) is a serious obstacle to the direct 
measurement at low frequency of the static dielectric constant. 
An alternative approach is to measure the dielectric constant, «,, 
and the total dielectric loss factor, ¢27, in the dispersion region 
where the disturbances due to the ionic conductance are much 
diminished. The total loss factor is the sum of the dielectric and 
conductor losses, so that 


€27 = €.+20/y, (1) 


where ¢2 is the loss factor relating to reorientation of the rotating 
dipoles, « is the specific ionic conductance in esu, and » is the 
frequency of the measuring radiation. €; and ¢27 were determined 
(Eq. (2)) by measuring the refractive index, , and the absorption 
coefiicient, k, in a section of dielectric-filled coaxial wave guide; 
n and k being obtained directly from the variation with length 
of the dielectric column of, respectively, the phase! and power’ of 
the transmitted wave. Methods 


€7 = 2nk 


depending on transmission were selected because of the high loss 
angles involved (2.5>¢27/e:>1.5). The high conductor loss ut 
avoidably lowered the accuracy of both « and e2, particularly 
the latter since the term 20/v (Eq. (1)) exceeded ¢2 throughout the 
low frequency half of the dispersion region, and the spread 0 
€, and €, amounted to several units. To evaluate e2 from «2:7 by 
Eq. (1), o was measured at 3000 c sec™! witha conventional ac 
bridge, and was assumed not to vary with frequency. This 
assumption was tested with aqueous acids (99.5 and 96.0 percen! 
H.SO,) at radiofrequencies outside the dispersion region where 


e.=n?—k?; 
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Fic. 1. Dielectric sipantion of anhydrous sulfuric acid at 20°C. e =110, 
q=3, a =0.09, ro =4.7 X10~! sec and ym =88 cm. The chosen value for eg 
is greater than 1p?, which is generally true of polar liquids. 


@7’=20/v (€2=0) and was found to be valid within the experi- 
mental error. Concentrated aqueous electrolyte solutions also 
fulfil this condition,’ the Debye-Falkenhagen dispersion of the 
conductance being inappreciable at moderate dilution. 

The plot of the complex dielectric constant, e= €;—ie2, at 20° is 
shown in Fig. 1. Within the rather large experimental error the 
points fall on a circular arc according to the semi-empirical ex- 
pression* 


e= 412 = eat (60 €a)/ {1+ (ior) -%} ; 


where €9 and €q are, respectively, the low and high frequency 
limiting dielectric constants, zo is the most probable relaxation 
time, and @ is a parameter governing the distribution of relaxation 
times (hence also the position, below the abscissa, of the center 
of the arc). In practice the distribution of relaxation times is 
quite small. It is clear that absorption in the region in question 
is associated with the molecular rotation, the calculated value 
of r» by the Debye equation, r=3nV/kT (which gives rough 
values only for an abnormal liquid like H.SO,) being 13 10-™ sec. 
Unless there is a further relaxation process at lower frequencies, 
« can be identified with the static dielectric constant of sulfuric 
acid. The value ~110 is close to formamide (111.5) and anhydrous 
hydrogen cyanide (114.5),® and is characteristic of a polar liquid 
in which hydrogen bonding leads to a short-range cooperative 
elect of the molecular dipoles.” 

We wish to thank Professor J. B. Birks for advice and for the 
gift of apparatus. 


w=2rp, 


*This work was supported by a maintenance allowance (to A.R.) 
from DSIR. 

'Redheffer, M.J.T. Radiation Laboratory Aged (McGraw-Hill Book 
Company, Inc., New York, 1947), Vol. 11, p. 570. 

*Turner, J. Inst. Elec. Engr. 93, 3A, 1474 (1946). 
‘Ritson, Hasted, and Collie, J. Chem. Phys. 16, 1 (1948); Cooper, 
J. Inst, Elec. Engr. 93, 3, 69 (1946). 

‘K. S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 (1941); W. Kauzmann, 
Revs, Modern Phys. 14, 12 (1942). 

5Leader, J. Am. Chem. Soc. 73, 856 (1951). 

’Coates and Coates, J. Chem. Soc. 77 (1944). 

'Kirkwood, Trans. Faraday Soc. 42A, 7 (1946) and earlier references. 





Hindering Barriers of Ethyl Alcohol 


Kazuo Ito 


Department of Chemistry, Faculty of Science, 
Nagoya University, Japan 
(Received December 26, 1951) 


HINDERING barriers of ethyl and methy] alcohol are not 
yet determined satisfactorily from thermal and molecular 
data in spite of the comparative simplicity of molecules. This fact 
seems to come partly from the fact that in these molecules the gas 
imperfection correction for entropy may be rather large! and, in 
addition, different results are given by the different approxima- 
tions used for the analysis of entropy. The present author pro- 
posed? a method of gas imperfection correction for entropy in 
which vapor pressure (to calculate an idealized heat of vaporiza- 
tion) and observed heat of vaporization are used, that is, 


S°—S=2(L°—L)/3T. (1) 
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By the use of the values obtained by (1) the entropy of ethyl 
alcohol! is 


298.2 351.5 403.2°K 





; (2) 
S° 67.30 70.49 73.46 eu 


The product of principal moments of inertia of the ethyl alcohol 
molecule and moment of inertia of —OH and —CH; in the 
molecule are functions of the rotational angle of —OH. These can 
be calculated by Kassel’s method® and in this case averaged 
values for trans- and gauche-positions of —OH can be used because 
an error in this source is not serious, that is, A9ByoCo= 2.287 10-*, 
I(OH) = 1.20 10-” and 7(CH;) =4.39 10-” g cm?. The molecular 
data used are 7COH=110°, C—O=1.42, C—H=1.09, C—C 
= 1.54A, and tetrahedral angles are assumed for all other angles. 

Unknown constants to be determined to fit the calculated 
entropy of ethyl alcohol to that derived from the observed values, 
that is, to (2) are, then, six rocking frequencies, the hindering 
barrier of —CH; for which two values are assigned one of which 
V(CHs3)¢ is the value of the barrier of —CH3 when —OH is at a 
transposition and the other of which V(CHs)g is that when —OH 
is at a gauche-position, and hindering barriers of —OH. The 
method of calculation of the translational and rotational parts of 
the entropy is the usual one, and the vibrational frequencies used 
by Halford! are adopted. Six unknown frequencies (6)av are 
treated as 950° or 985 cm™! ! in average. For the part of the entropy 
caused by the — CH; rotation a function V = V(CH3)(1—cos36) /2 
is used, assuming V(CH;)t— V(CHs3)g=1.0 kcal/mole and S(CH3) 
is calculated by averaging S(CH;)# and S(CHs)g with a weight 
1:2 exp(—AE/RT), where AE is the energy difference of the 
hindering potentials for —OH at trans- and gauche-position. For the 
rotation of —OH, a function V= V;(1—cos@)/2+V3(1—cos36) /2 
is used. 

There are two methods of calculation of the part caused by 
—OH rotation, in which one of ethyl alcohol is treated as the 
mixture of rotational isomers (i) and in the other of which the 
classical partition function is used for —OH rotation (ii). By use 
of (i) the entropy of ethyl alcohol can be explained at three tem- 
peratures given in (2) by any group as follows (kcal/mole). 


(A) (é)av =950 cm- 
V(CHs)t V(CHa)g Vi(OH) 


(a) 2.6 3.6 1.4 
(b) 2.2 3.2 1.5 
(c) 1.5 2.5 2.0 


V3(OH) 
0.76 
0.83 
0.89 


(B) (d)av=985 cm=! 
(a) 33 J 4 0.58 
(b) 22 3. 6 0.64 
(c) as J 0 0.73 


1. 
1. 
1. 


By the use of (ii) the calculated and observed entropy are not 
coincident in the region (6)av=950 cm™, V;(OH)<3.0, and 
AE<2.0 kcal/mole, and the third law entropy S° is explained at 
the three temperatures by the following parameters satisfactorily. 


(6)av =985 cm~! 
V(CHs)é V(CHa)g Vi(OH) V;(OH) AE 
3.0 4.0 2.9 1.17 2.0 kcal/mole 


Of these two sets of results the values obtained by (ii) must be 
adopted because the treatment of (i) corresponds to only a first 
term in each of the ¢rans- and gauche-positions when the classical 
partition function is developed by the saddle point method near 
the ¢rans- and gauche-positions.* The values obtained seem very 
reasonable. The reasonable values of the hindering barriers in 
ethyl alcohol seems to be given as shown above by adopting the 
proper methods for the gas imperfection correction and the 
analysis of internal rotation part of entropy. 

1J. O. Halford, J. Chem. Phys. 17, 111 (1949). 

2K. Ito, J. Chem. Phys. 9. 1313 (1951). 

2S. C. Schumann and J. G . Aston, J. Chem. Phys. 6, 480 (1938). 

*Y. Morino and K. Ito, Lecture in the annual meeting of Chem. Soc. of 


Japan a 
5 L. Kassel, J. Chem. Phys. 4, 280 (1936). 
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Diffusion of Indium into Gallium near 
the Melting Point 


R. E. ECKERT AND H. G. DRICKAMER 
Department of Chemistry, University of Illinois, Urbana, Illinois 
(Received January 15, 1952) 


IFFUSION of indium into polycrystalline gallium has been 

measured near the melting point of gallium. The procedure 

was similar to that described previously! by the authors for the 

systems Tl®4—indium and In!‘—indium, with the exceptions 
noted below. 

(1) The measurements were made in a room maintained at 20°C 
to permit temperature bath control and slicing at a temperature 
well below the melting point. Run 114 is the average of three 
samples run in a room maintained at 8.4°C. 

(2) The gallium pellets were 3 in. in diameter as compared with 
the }-in. diameter indium pellets. 

(3) The gallium pellets were etched in cooled concentrated 
perchloric acid for one hour. The plating of the indium was 
carried on as previously described except that the solution was 
cooled with ice to minimize diffusion during the plating. 

The aligning and slicing were identical to that described for 
indium. The gallium was somewhat more brittle and the accuracy 
of the slices was about 5 percent except for the 8.4°C pellet where 
the accuracy was not better than 10 percent per slice. The samples 
were counted with a fixed geometry on a thin walled Geiger- 
Miiller counter. 

The results are shown in Table I and Fig. 1. The accuracy of 
the points is about +15 percent except for Runs (110-111) 
accuracy +25 percent and Run i14 (accuracy +25 percent). 
Gallium at 8.4°C proved to be brittle aud difficult to handle. 
Several runs were attempted and this is the average of the values 
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Fic. 1. Plot of InD versus 1/T for diffusion of indium and gallium. 
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TABLE I. 








Diffusion coefficient 
cm?2/sec 


7 X10718 


Temperature 
"a 





8.4 
28.99 
29.02 
29.25 
29.34 
29.46 
29.66 
29.73 
29.80 
30.00} 
30.00 
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obtained. There is no discontinuity in the diffusion coefficient at 
the melting point, and the rapid rise in D is definitely below the 
melting point, although much closer than for the polycrystalline 
indium samples. There are two possible explanations. 

(1) The grain diameter in the gallium was one to two milli- 
meters, the same as for the indium samples. Since the gallium 
pellets were half the diameter of the indium pellets, there were 
only 3-4 grains at the surface compared with 10-12 indium grains. 
Thus these data may be more nearly representative of lattice 
diffusion than of grain boundary diffusion. 

(2) The fact that gallium contracts on melting may mean that 
any premelting or premature lattice disintegration does not have 
the same tendency to increase diffusion that it would have in 
an ordinary solid. 

From Run 114 and the points at 29°C an equation for diffusion 
in the solid can be obtained. 


D=4.4X 1078e- (0, 00/RT) em?/sec. (1) 


Because of the difficulties with the low temperature run, this 
equation is not very accurate. 


1R,. E, Eckert and H. G. Drickamer, J. Chem. Phys. 20, 13 (1952). 





Analysis of the Near-Ultraviolet Absorption 
Spectrum of p-Cresol Vapor, and the Long 
Wavelengths Absorption Bands of 
Benzaldehyde, Acetophenone, and 
Benzophenone 
SUNAO IMANISHI, Mitsuo Ito, Kim1io SEMBA, AND TOSHINOBU ANNO 


Chemical Laboratory, Faculty of Science, Kyushu University 
(Received December 27, 1951) 


HE ?-cresol molecule has the approximate symmetry of 

Co» or Cs, and its allowed electronic transition of the 
A,—B, (Coy) or A’—A’ (C,) type lying in the 2480-2945A region 
has the structure briefly reported below.! The spectrum was 
photographed with a quartz spectrograph having a linear dis- 
persion of 5.0~8.0A per mm in this region, using a vapor path 
of 40 cm at saturation pressures for 30~140°C. 

The most intense 0,0 band of this system is at 2829.0A or 
35,338 cm. About 170 bands belonging to this system were 
measured and assigned to combinations of the fundamental 
vibrational frequencies, directly observed in this spectrum, for 
this molecule in the ground and the excited states. Nearly all the 
bands have sharp heads on the short wavelength side, excepting 
some diffuse blends which generally show no heads. The funda- 
mental vibrational frequencies of the molecule found excited to 
various quanta in either electronic state involved in this absorption 
transition, are listed in Table I in comparison with the known 
Raman and infrared absorption data for the ground state m 
liquid. The bands with the 310 and 648 cm=! ground-state fre- 
quencies which have been assigned to antisymmetric vibrations of 
the 8, type are very weak, and their upper state frequencies are 
not found with certainty, in conformity with the assumption of 
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TABLE I. ~-Cresol. Fundamental vibrational frequen cies (cm™~!). 
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230 217 
338 (4) 1.00  wi0(B:) 310 — 
465 (5) 0.52 wiilas) 458 422 419 
507 (0) 499 469 
649 (3) 0.92 wo(B1) 648 585 
703 (0) 0.87 680~ 690 (w.) 
736 (1) 734 694 720~ 730 (w.) 
82 (3) 0.15 818 (st.) 
842 (10) 0.07 = wi(a:) 839 808 808 860~ 870 (st.) 

910~ 920 (m.) 

1016 (00) (1074) (1016) 1000 ~1010 (w.) 
1171 (2) 0.34 63(a1) 1152 1086 1080 (m.) 
1214 (5) 0.09 wala) 1231 1153 1170 ~1180 (st.) 
1256 (3) 0.07  ws(a1) 1259 1196 1187 
1297 (0) 0.55 1296 1226 
1381 (3) 0.49 1396 1272 
1450 (00) 0.92 
1615 (4) 0.74 (1536) 
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2864 

2922 (2) 

3015 (1/2) 

3046 (3) 0.47 















*K. W. F. Kohlrausch and O. Paulsen, Monatsh. Chem. 72, 268 (1939). 
bK. W. F. Kohlrausch and A. Pongratz, Monatsh. Chem. 63, 427 (1933). 
¢Q0. Paulsen, Monatsh. Chem. 72, 244 (1939). 

4See reference 1. 

¢J. Lecomte, J. phys. et radium 7, 13 (1938). 









the allowed electronic transition. In other respects no intensity 
anomaly is noticed. 

Analyses of o- and m-cresol vapor spectra are nearly completed, 
and detailed accounts of the spectra of the three isomeric cresols 
inthe vapor state will be published shortly in the Science Faculty 
Memoirs (Section Chemistry) of Kyushu University. 

In the benzaldehyde vapor spectrum, Almasy? observed a weak 
and long wavelengths absorption in the 3163-3747A region, apart 
from the strong and short wavelengths absorption in the 2480- 
X970A region recently analyzed by Imanishi? as arising from the 
4\—B, allowed electronic transition. We also have photographed 
this longer wave system with a 3 m focus grating, using 1 m vapor 
absorption path at saturation pressures for up to 170°C (~760 
mm Hg). This absorption consists of a large number of narrow 
bands forming four or five prominent groups. The most con- 
spicuous wave-number interval repeated by the strongest band 
of each group is 1307 cm}. The total intensity of the system is 
presumably of the order of 10-* or smaller compared with the 
4\—B, system. 

Now this system may be interpreted as arising from the excita- 
tion of a nonbonding electron localized on the oxygen atom of the 
aldehyde group, as discussed by McMurry,‘ and corresponds to 
the 30,500 cm~! absorption region observed in alcohol solution of 
benzaldehyde,* while the strong A,;—B, system is because of the 
excitation of the ring z-electron. In that case the electronic 
transition corresponding to the long wave system would be 
essentially of a forbidden type (1V—12, in Mulliken’s notation), 
and the 0,0 frequency may lie at a still longer wavelength than 
the observed first member 26,923 cm-! of the above progression, 
by a certain nontotally symmetrical vibration frequency. The 
1307 cm-! interval mentioned above may very probably be the 
upper state frequency of the 1453 cm™ a; type® vibration ob- 
served in the Raman effect for benzaldehyde.® 

Acetophenone and benzophenone have corresponding weak ab- 
sorption regions in their vapor spectra at 3060-3500A (31,200 cm™ 
i alcohol solution) and 3270-3510A (29,500 cm=! in hexane 
solution), respectively.* They are both continuous. 





































Previously studied by J.’ Purvis and N. McCleland, J. Chem. Soc. 
(London) 103, 1088 (1933) ; J. Savard, Ann. chim. 11, 287 (1929); H. Sponer, 
- Chem, Phys. 10, 672 (1942). 
iF. Almasy, J. chim. phys. 30, 528, 634, 713 (1933). 
S. Imanishi, J. Chem. Phys. 19, 389 (1951). 
‘H.L. McMurry, J. Chem. Phys. 9, 231, 241 (1941). 
*K. W. F. Kohlrausch,{Ramanspektren, (1943). 
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Polytropic Exponent of Isentropic Expansions in 
the Coexistence Region* 
S. G. REED, JR. 


Physics Department, Loyola University, New Orleans, Louisiana 
(Received January 4, 1952) 


SENTROPIC expansions in the coexistence region of two 
phases in equilibrium are often approximated by the polytropic 
equation 
pV*=const, 


where « is given as an empirical constant. It has been suggested 
that « is purely empirical, having no relation to the heat capacity 
or other physical properties of the expanding material.! The 
purpose of this note is to show how such a relation may be 
established. 

The polytropic exponent « is given by 


x= —v/p(9p/d2)s (1) 
and in the coexistence region 
(0p/dv).= —T/Cy(0?p/dT*),», (2) 


where Cy is the heat capacity of a two phase mixture in equi- 
librium and at constant volume. Hoge? has derived an expression 
for the specific heat of a saturated mixture, which, appropriately 
modified for constant volume, gives 


Cy=Ce+L(1—x)((9 In(0p/dT),/9T)y]—T(0p/8T) o(9%-/9T)», (3) 


where C;, is the specific heat of the saturated ‘condensed phase» 
L the latent heat of vaporization per gram, x the mass fraction of 
condensate, and v the specific volume of the condensed phase. 
The derivatives are taken at constant total volume. (0/07), 
may be found from vapor pressure data, p-V—T data, or the 
Clausius Clapeyron equation. The mass fraction in the vapor 
phase, 1—-x, can be calculated if Z and C, are known as functions 
of temperature. One has 


* £(2 7 )) Oe 
Sc a(1—) a= fr CAT/T, 


the subscript o referring to conditions at the outset of the process. 
Equation (1) gives the local value of x; for the entire expansion, 
the appropriate exponent «’ satisfying 


PoVor -_ pve’ 


may be defined according to* 


x’=(Inp/p.) |? «ld Inp. 


All the relations given so far are exact. 

An approximate expression for Cy and for x is readily obtained 
far from the critical point. Then the last term on the right-hand 
side of Eq. (3) may be neglected, the perfect gas equation of 
state may be introduced for the vapor phase alone, and the 
latent heat Z may be assumed constant. One finds then 


Cy™C.+ (1—«)(L?/RT?—2) (5) 


(4) 


and 
c@[(1—x)L/RTJ[(1—x)(L/RT—2)+C.T/L]". (6) 


Results of an exact and approximate calculation of « for water 
vapor at the coexistence line, where x=0, for three pressures 
below 25 atmos, are given in Table I. The empirical « used in 
the same range of temperatures and pressures, and near the 
coexistence line, is x= 1.135.! The agreement of the exact «x with 


TABLE I. « and Cy for water vapor at the coexistence line. 











Cy (exact), 
i cal/g—°K «x (exact) «x (approx) 
266.51 17.79 1.136 1.107 
422.07 11.99 1.136 1.125 
476.51 8.411 1.136 1,124 
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this value is within the accuracy of the water vapor tables em- 
ployed.* The approximate « agrees with the empirical to within 
the accuracy of the approximations involved. 

The polytropic exponent for steam up to the coexistence line 
is about 1.32 in the same region.’ The sharp drop in « is because 
of a sharp drop in (8p/d0v)., which has been noted previously.® 


ote i ne address: Naval Ordnance Laboratory, White Oak, Silver Spring, 
aryland. 

1F, Bosnjakovic, Technische Thermodynamik I (Steinkopf, Dresden, 
1935), p. 118. 

2H. Hoge, J. Research Natl. Bur. Standards 36, 111 (1946). 

3A. Iberall, J. Appl. Phys. 19, 997 (1948). y 

4 Keenan and Keyes, Thermodynamic Properties of Steam (John Wiley 
and Sons, Inc., New York, 1936). 

5 See reference 4, p. 82. 

6 Wegener, Reed, Jr., Stollenwerk, and Lundquist, J. Appl. Phys. 22, 
1077 (1951); N. P. Anderson and L. Delsasso, J. Acoust. Soc. Am. 23, 423 
(1951); C. M. Herget, J. Chem. Phys. 8, 537 (1940); S. Reed, Jr., J. Chem. 
Phys. (to be published). 





Red Hydrogen Chloride* 


W. H. JOHNSTON AND ROBERT E. MArtINt 
Department of Chemistry, Purdue University, Lafayette, Indiana 
(Received December 13, 1951) 

N connection with exchange studies using hydrogen chloride 
we have observed a red color in anhydrous solid samples which 
had been frozen quickly with liquid nitrogen. This color invariably 
disappeared within a few seconds of the removal of the liquid 
nitrogen bath. A search of the literature revealed that Giauque 
reported the same observation in 1927.1 The purpose of this letter 
is to describe experiments which appear to rule out impurities 
as an explanation and suggest that the red color is due to im- 

perfection color centers in the crystals of hydrogen chloride. 

Anhydrous tank gas* which was white in liquid nitrogen was 
purified by a series of vacuum distillations whereupon it became 
pink or red when frozen quickly. Samples were analyzed mass 
spectrographically* before and after purification. These analyses 
confirmed the purification process and showed less than 0.1 percent 
of any impurity peak from mass 6 to mass 100. 

Furthermore, varying amounts of hydrogen, oxygen, nitrogen, 
chlorine, mercury, and nitrous oxide, all of which might have per- 
sisted in trace amounts, were added to samples of hydrogen 
chloride. These materials had no effect on the production of the 
red color. On the other hand, the addition of 10~* or 10~° mole 
fraction of nitric oxide intensifies the red color. 

Various experiments showed the importance of the rate of 
freezing. When this rate was too slow, white solid was formed. 
If the gas were frozen quickly, red or pink material was formed. 
Furthermore, if the hydrogen chloride was introduced in a series 
of bursts into a cold-finger which was immersed in liquid nitrogen, 
each burst produced an instantaneous fading and then a return 
of color in the solid. 

One other experiment was done in which a sample of the white 
solid was bombarded through a thin Pyrex vessel with x-rays from 
a beryllium window tube with a molybdenum target‘ for two 
hours.{No visible coloration was produced. 

It is proposed that the red form of solid hydrogen chloride is 
due to the production of imperfections in the crystal. Traces of 
nitric oxide may favor this process. Electrons or perhaps protons 
may enter these vacancies; the adsorption may be connected with 
one of these processes or with transitions of the electrons or of the 
ions formed. Further work to investigate these mechanisms is in 
progress. 

The authors express their appreciation to Dr. H. J. Yearian for 
the x-ray bombardment, to Mr. John Walton who assisted with 
the experimental work, and to Dr. Paula Feuer’ and Dr. H. M. 
James for valuable discussions. 

* This work was supported in part by the AEC under Contract No. 
AT(11-1)-166, 

+ Pre-doctoral Fellow of the Purdue Research Foundation. 

1 Giauque, J. Am. Chem, Soc. 50, 102-103 (1927). 

2 Matheson Company, Joliet, Illinois. 

3 Consolidated-Nier Isotope Ratio Mass Spectrometer Model 21-201. 
modified to take hydrogen chloride. 


4A Machlett AEG-50 tube operated at 40 kv and 20 ma was used in 
this work. 
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Paramagnetic Resonance Absorption in Organic 
Free Radicals. Fine Structure* 
CiypE A. HuTCHISON, JR., RIcaAaRDO C. PASTOR, AND 
ARTHUR G. KOWALSKY 


Institute for Nuclear Studies and Department of Chemistry, 
University of Chicago, Chicago, Illinots 
(Received January 10, 1952) 


E have studied paramagnetic resonance absorption at 

approximately 23,500 mc and room temperature in solu- 
tions of diphenyl-picryl hydrazyl,!~* (Cs6H;)2NNCsH2(NO.)s, in 
benzene. In the cases of dilute solutions a fine structure was 
observed. The solutions of diphenyl-picryl hydrazyl were pre- 
pared by dissolving the weighed solid in a known volume of 
purified benzene. Known volumes of the solution were transferred 
in a nitrogen atmosphere to thin walled Pyrex sample tubes; 
the tubes were sealed off and kept in light-tight containers when 
not in use. 

The magnetic absorption was measured using a right circular 
cylindrical transmission cavity operated in the TEo:, mode. The 
static magnetic field was modulated sinusoidally at 60 cycles with 
amplitude sufficient to sweep through the entire range of detect- 
able resonance. The output of a crystal detector was amplified 
and observed on the vertical axis of an oscilloscope on whose 
horizontal axis was impressed the modulating voltage. The hori- 
zontal axis was calibrated in terms of field strength employing 
the proton resonance. The amplifier gain and phase shift were 
such as to insure no distortion of the detected signal. 

The full width of the resonance at the one-half power point was 
found to vary with concentration as shown in Table I. 


TABLE I. 








Concentration Width 





1.9 gauss 
3.7 gauss 


: Crystal 
Pure solid powder 
10 gauss 
21 gauss 
31 gauss 
48 gauss 


0.2 molar 
0.02 molar 
0.0093 molar 
0.00186 molar 








The 0.00186 molar solution showed five nearly resolved peaks 
with maxima approximately equally spaced and with a separation 
of approximately 10 gauss. The width given in Table I for this 
concentration was measured between the half power point on 
one side of the first peak and the half power point on the other 
side of the fifth peak. The center peak was somewhat more intense 
and the outside peaks less intense than peaks two and four. The 
width of the peaks at half maximum height above the intervening 
minima was approximately 5 gauss. The 0.0093 molar solution 
showed the fine structure but the components were not sufficiently 
resolved to give separate maxima. The fine structure was not 
observable in the more concentrated solutions, and the absorptions 
were in these cases symmetrical about the maximum. 

The absorption in the finely powdered solid was asymmetrical, 
showing a bulge on the low field side. Single crystals were also 
studied. These showed no asymmetry, the widths were approxi- 
mately one-half that for the powder and the measured g-factors 
varied from 2.0035 to 2.0041+0.0002 depending on the orientation 
of the crystal. This corresponds to an approximately 2.5 gauss 
difference in the peak positions. 

A possible interpretation of the fine structure in the solutions !s 
that it is a nuclear hyperfine structure. If the two hydrazy! 
nitrogen nuclear spins and the electronic spin are uncoupled by 
the static magnetic field to give a complete Paschen-Back effect 
and if the electron is symmetrically localized on these two nitrogen 
atoms, then each electronic level would be split into five com- 
ponents by the nuclear perturbation. Five resonance lines would 
result on the basis of such a model. Sufficient preference for one 
of the nuclei over the other by the electron should give nine levels. 
Appreciable interaction with other magnetic nuclei in the mole- 
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cule might be expected to give a much more complicated pattern 
than that observed. The observed separations in the most 
dilute solution would correspond to an JJ coupling of about 
MMn+M12) 28 mc. Beringer and Castle‘ have observed a 
value of 29.8 mc for the magnetic JJ coupling and —1.7 mc for 
the electric quadrupole JJ coupling in the case of NO. 

Townes and Turkevich have reported the examination of two 
solutions of diphenyl-picry] hydrazy] in benzene at concentrations 
of 0.07 and 0.03 molar and have found full widths at half maximum 
absorption of 15 and 10 gauss, respectively. These are somewhat 
in disagreement with our measured widths particularly as to 
sign of change of width with concentration. The width which we 
have observed for the resonance at 0.02 molar is approximately 
that to be expected on the basis of dipole-dipole broadening. At 
the higher concentrations the width is much less than that ex- 
pected on this basis and in the more dilute solutions the nuclear 
interactions apparently result in the broadening and the appear- 
ance of the five peaks. The individual widths of the five com- 
ponents are too large to be accounted for by electronic dipole- 
dipole broadening and may be the result of other nuclei in the 
hydrazyl or the solvent. 

We have examined other organic free radicals and found 
g-factors as follows: 


2.0066 
2.0031 
2.0065 
2.0057 


Of these others, only in the case of porphyrindine have we ob- 
served a possible fine structure in the form of two bumps sym- 
metrically disposed on either side of the maximum and giving 
the appearance of three unresolved equally spaced peaks, the 
center one being somewhat more intense than the others. This 
preparation contained some impurity which may possibly have 
accounted for the observed structure. 

We have studied magnetic resonance absorption at 3 gauss in 
the same preparation of hydrazyl as used for the measurements 
described above and have not been able to observe in the solid 
the bulge on the low field side. The measured width at half 
maximum absorption for the powder at this field strength was 
1.83 gauss and at the maximum slope points was 1.29 gauss. 

We are at present preparing diphenyl-picryl hydrazyl con- 
taining N™ in the hydrazy] positions which will be used in further 
investigation of the fine structure. 

The porphyrindine and porphyrexide were prepared by Dr. 
leslie Hellerman of the Johns Hopkins University. 

We wish to thank Clarence Arnow for the development and 
construction of certain portions of the electronic equipment used. 


di-p-anisyl nitrogen oxide, solid 

benzophenone sodium kety], solution in dioxane 
spiro-cyclohexy! porphyrexide 

porphyrindine 


* This work was supported by the ONR. 

'Holden, Kittel, Merritt, and Yager, Phys. Rev. 75, 1614 (1949). 
*Holden, Kittel, Merritt, and Yager, Phys. Rev. 77, 147 (1950). 
*C. H. Townes and J. Turkevich, Phys. Rev. 77, 148 (1950). 

‘R. Beringer and J. G. Castle, Jr., Phys. Rev. 78, 581 (1950). 





The Stability of Nonpolar Covalent Bonds 


R. T. SANDERSON 


Department of Chemistry and Chemical Engineering, 
State University of Iowa, Iowa City, Iowa 


(Received January 14, 1952) 


ELATIVE electronegativity! has recently been shown to be 

measured by the “stability ratio (SR),”** defined as the 
ratio of the average electronic density of an atom or its ion to that 
of an isoelectronic inert atom (real, or hypothetical as deter- 
mined by linear interpolation between real values). Accordingly, 
bonds between atoms of similar stability ratios may be considered 
'o be essentially nonpolar. The purpose of this communication is 
‘0 state as a general principle the observation that in a group 
of nonpolar covalent binary compounds of any particular element, 
the thermal stability diminishes with increasing difference in radii 
of the combined atoms. By means of this principle, a number of 
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TABLE I, Some stability ratios and nonpolar covalent radii. 








Element r,A Element SR 
Br B Pb 3.67 
Te 3.62 

Ge 3.59 

Tl 3.58 

3.55 

4 3.47 

sb 3.37 











hitherto apparently unrelated, and in some instances anomalous, 
chemical facts are brought into reasonable order. 

Table I lists the SR values and nonpolar covalent radii of the 
elements which are relevant to this discussion. These SR values 
are somewhat modified from those originally reported,’ being 
based on inert atomic radii determined from crystal ionic radii 
instead of from univalent crystal radii as determined by Pauling.’ 
These revised radii are: He 0.93, Ne 1.31, A 1.74, Kr 1.89, 
Xe 2.09, Rn 2.29A. 

Perhaps the best application of the above principle is to the 
covalent hydrides. Somewhat arbitrarily, an SR difference of 0.3 
or less is taken to indicate a bond which is essentially nonpolar, 
being probably less than 7 percent ionic. The “essentially non- 
polar” covalent hydrides, then, listed in order of increasing radius 
difference, are CH,, PH:, GeH,, HI, H2Te, SbH3, BiH;, PbHy, 
HgHo2. Data are not available for a complete quantitative com- 
parison, but it is apparent that this sequence is closely similar to 
that of diminishing thermal stability. Methane of course is the 
most stable, bismuthine* decomposes slowly at ordinary tempera- 
tures and plumbane® fairly rapidly, and mercury hydride® is 
unstable even below —80°C. 

That this is not merely an indication of diminishing ability to 
form stable bonds with increasing radius is shown by the iodides 
of sulfur, selenium, and tellurium, which would all be nearly 
nonpolar. Tellurium iodide’ is the only compound of this group 
stable enough to be isolated. Evidence of selenium-iodine com- 
pounds in solution has been obtained® but none have been isolated, 
and no evidence whatever of sulfur iodides appears to be known.° 
These facts are consistent with the general principle of diminishing 
stability with increasing radius difference. A contributing factor 
may be that in combination with sulfur or selenium but not with 
tellurium, iodine would be somewhat positive. 

Another illustration is that of nitrogen tribromide, NBrs, which 
is evidently much less stable than either the chloride or iodide.’ 
Both the latter compounds are somewhat ionic, which evidently 
makes even the iodide more stable than the nonpolar bromide, 
even though the radius difference in the iodide is greater. 

In the nonpolar binary compounds of carbon, the sequence of 
increasing radius difference is H, Ge, I, Te, Bi, Pb, Tl. With the 
unexplained possible exception of germanium, which appears to 
form no carbide,"! this is also the order of diminishing stability. 
Carbon tetraiodide is not very stable,!* carbon ditelluride™ is 
evidently too unstable to be prepared, and carbides of bismuth, 
lead, and thallium seem to be unknown. 

Very probably this general principle has previously been ob- 
served, but its full significance as an aid to interpreting some of 
the facts of chemistry seems worthy of greater attention. 

1L. Pauling, Nature of the Chemical Fond (Cornell University Press, 
Ithaca, New York, 1940), second edition. 

2 R. T. Sanderson, Science 114, 670 (1951). 

3R. T. Sanderson, J. Am. Chem. Soc. 74, 272 (1952). 

4F, Paneth, Ber. 51, 1704 (1918). 

5F. Paneth and O. Noérring, Ber. 53, 1693 (1920). 

6 Barbaras, Dillard, Finholt, Wartik, Wilzbach, and Schlesinger, J. Am. 
Chem. Soc. 73, 4585 (1951). 

7F. M. Jager and J. B. Menke, Z. anorg. Chem. 75, 241 (1912); 77, 320 
yD. McCullough, J. Am. Chem. Soc. 61, 3401 (1939); E, Montignie, 
Bull. soc. chim. 4 (5), 132 (1937). 

9 for example, N. V. Sidgwick, The Chemical Elements and Their 
Compounds (Oxford University Press, London, 1950), p. 947. 

10 See reference 9, p. 707. 

1 Dennis, Tressler, and Hance, J. Am. Chem. Soc. 45, 2047 (1923). 


12M. Lantenois, Compt. rend. 156, 1385 (1913). 
18 A. Stock and P. Praetorius, Ber. 47, 131 (1914). 
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The Raman Spectra and Structures of Aluminate 
and Zincate Ions 
E.uis R. Lippincott,* JAmMEs A. PSELLOS, AND MARVIN C. TOBIN 


Department of Chemistry, University of Connecticut, Storrs, Connecticut 
(Received January 16, 1952) 


T is generally conceded that aluminate, Al(OH),-, and zincate, 

Zn(OH).4*, ions exist in solution. However, proof of existence 

of ions in solution is often a matter of some difficulty. The appear- 

ance of a well-defined Raman spectrum not only offers proof for 

the existence of a specific ion, but can give clues to its symmetry 
and structure. 

In order to take Raman spectra of aqueous solutions, it is 
necessary to obtain optically blank samples. This is ordinarily 
difficult, but can be done by careful technique.! 

The samples were prepared by saturating water freshly distilled 
from a cleaned, all-glass still with the metal salts, and pre- 
cipitating the hydroxides with Mallinckrodt reagent grade sodium 
hydroxide. The hydroxides were washed free of anion by decanta- 
tion, and dissolved in an excess of sodium hydroxide solution. 
The solutions were loaded into the Raman tube through a Corning 
33,900 GVYKU ultrafine bacteriological filter. 

The spectra were taken on a Hilger E612 glass Raman spectro- 
graph at the Department of Chemistry at the University of 
Connecticut. They were taken on Kodak 103] spectroscope plates, 
with a 0.15 mm slit, and no filter solution. The 4358A mercury 
line was used for excitation, with 20 minute exposures. f 

Neglecting a consideration of the hydrogen atoms, the observed 
spectra are consistent with a Tz symmetry for these ions although 
in the absence of an infrared spectrum this cannot be conclusively 
proved. It must be assumed that the angle binding vibrations are 
piled up at 300 cm™, and that the vz line in Al(OH), is too weak 
to be seen. The O—H stretching appears as a blackening around 
3500 cm™!, 

Force constant calculations were carried out for the skeletal 
frequencies of both ions, using a simple valence force model.* 
The force constants were calculated using the assignment for 1 
and v2 given in Table I. v3 and v4 were calculated using these force 
constants. Observed and calculated frequencies are given in 
Table I, force constants in Table IT. 

It is seen that the values of the force constants are reasonable, 
and that the calculated frequencies agree with the observed fre- 
quencies, considering the approximate nature of the calculation. 

Further support for the tetrahedral configuration of these ions 
is that the calculated force constants agree well with those ob- 
tained using Gordy’s relation between force constants and electro- 
negativities for tetrahedral molecules.‘ The electronegativities for 
the calculations were taken from Gordy’s table.‘ Correction for 
formal charge was made by the method of Pauling.’ The electro- 
negativity for Zn~? was obtained by assuming the correction for 


























TABLE I, 
Assignment Species Observed Calculated 
Zn(OH).4" 
v1 Ai 470(5) cm= 470 cm™=! 
v3 Fe 420(2) 570 
v2, v4 E, Fe 300(1) 300, 290 
Al(OH) «7 
vt Ai 615(5) 615 
v3 Fe eee 720 
v2, v4 E, Fe 310(1) 370, 300 
TABLE II. 
Force constants 
Zn—-O stretching 2.21 X105 dyne/cm 
O-Zn-O bending 0.30 X105 dyne/cm 
Al-O stretching 3.79 X105 dyne/cm 
O-Al-—O bending 0.32 X105 dyne/cm 
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two formal charges to be twice that for one formal charge, and 
assuming the electronegativity difference between Cu and Zn to 
be the same as that between Zn and Ga. Gordy’s relation gives 
3.6-108 and 2.5-108 dynes/cm for the Al—O and Zn—O bond 
stretching force constants respectively as compared to 3.79-10 
and 2.21-10° dynes/cm from our spectroscopic data. 

The authors wish to gratefully acknowledge grants in aid from 
the Research Corporation and Graduate School Research Fund 
at the University of Connecticut. 


* Present address: Department of Chemistry, Kansas State College, 
Manhattan, Kansas. 

+ The ordinary exposure time on this spectrograph is less than five 
minutes. We attribute this short exposure time to the efficiency of the 
excitation unit, which is fitted with MgO reflectors (see reference 2). 

1 Marvin C. Tobin, Ph.D. thesis, University of Connecticut (1952). 

2A. C. Menzies and J. Skinner, J. Sci. Instr. 26, 299 (1949). 

3G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecules 
(D. Van Nostrand Company, Inc., New York, 1945), p. 181. 

4W. Gordy, J. Chem. Phys. 14, 305 (1946). 

5L. Pauling, The Nature of the Chemical Bond (Cornell University Press, 
Ithaca, New York, 1948), p. 65. 





Effect of Traces of Ammonia on Track Formation 
in a Continuous Cloud Chamber 


RICHARD E. VOLLRATH 


Physics Department, University of Southern California, 
Los Angeles, California 


(Received December 20, 1951) 


N 1936 the author! described a continuous cloud chamber in 
which HCl gas from an aqueous HC] solution at the bottom of 
a jar diffused into H.O vapor coming from a wet porous porcelain 
plate closing the top of the jar. The resulting mixture of HCl and 
H;0 vapor is supersaturated with respect to a dilute solution 
of HCl and condenses on ions like the water vapor in a Wilson 
cloud chamber. In spite of numerous attempts to develop this 
method into a workable continuous cloud chamber, several diffi- 
culties persisted and prevented useful photographs of tracks being 
obtained. One difficulty is caused by a violet turbulence, irregular 
gusts, that cause the tracks to become distorted. The turbulence is 
probably caused by sudden release of heat of condensation as the 
droplets form. The turbulence no doubt also causes a nonuniform 
condensation at the walls where the liberated heat of condensation 
would contribute toward the maintenance of the turbulence. 
Another difficulty was the unaccountable cessation of track 
formation. It was repeatedly observed that when such a cloud 
chamber was first put into action the characteristic gusts appear 
and cosmic-ray tracks were clearly evident. But in a short time 
the activity diminishes and finally ceases. Analysis of the HC] 
solution in the chamber proved that the acid had not been 
measurably diluted with H,O. Nor had the wet porous plate 
absorbed significant amounts of HCI. Both effects would of course 
reduce the degree of supersaturation attained in the vapor mixture. 
Concentration gradients which might diminish the rate of evapora- 
tion at the HCl and H,O supply surfaces were minimized by 
flowing the liquids, but without result. 

The thought arose that the air initially present in the chamber 
might contain a substance that facilitates condensation on ions 
and is used up in the process. Traces of ammonia very likely to be 
present in this laboratory were suspected: To test this suspicion 
the ammonia from a one-percent aqueous solution was allowed to 
diffuse through a paraffined paper diaphragm into a 6 by 6-inch 
Pyrex jar with a layer of 2.5 N HCl solution at the bottom. 
A brilliantly iridescent mist immediately formed, and brilliantly 
colored ion tracks appeared. A remarkable feature of the tracks 
is that they appear with colors ranging from a coral pink to a deep 
blue. But each track is of the same color along a large part of 
its length. This seems to indicate that the droplet size is uniform 
wherever the color is uniform. The fact that the tracks are of 
different colors probably indicates that the degree of super 
saturation in the chamber varies with time and location in the 
chamber. Instead of a typical NH,Cl smoke only liquid droplets 
form. These presumably consist of aqueous NH,Cl together with 
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either NH; or HCl in excess. Concentrated HCl and NHs always 
formed a thick NH,Cl smoke. The most surprising result was that 
very minute amounts of ammonia suffice for the purpose. The 
action of the chamber for a week was maintained by 10 cc of a 
1-percent NH; solution. The turbulence observed with a pure 
HCI—H,0 system was practically inappreciable here. The reason 
for this may be that the droplet size is small and it is estimated 
from the rate of fall to be from 1 to 10 microns. In the pure HCl 
system the drops were often as large as 10~! mm. Such large drops 
evolve much more heat during formation. It is also noteworthy 
that the partial pressure of the HCI above the 2.5 N HCI solution 
is only about 2X10-* mm. Droplet formation around ions also 
occurs when ethylene diamine, triethylamine, or pyridine vapor 
is allowed to diffuse into the HC1—H,O atmosphere above a 2 to 
3 N HCI solution. In all cases air is present at its normal pressure. 

There is at present no way of determining the details of the 
droplet formation process. The author is inclined to believe that 
highly supersaturated NH,Cl vapor condenses directly with 
water vapor around an ion to form an NH,CI solution. The obser- 
vations of Spotz and Hirschfelder? are of interest here. They 
conclude from an NH,C1 Liesegang ring formation that there is 
involved a 1000-fold supersaturation of NH,Cl vapor and suggest 
the possibility of a cloud chamber in which the tracks are de- 
lineated by NH,CI crystals. The author has observed that the 
highly concentrated solutions of HCl and NH,Cl used by Spotz 
and Hirschfelder always lead to the condensation of solid NH,Cl, 
low partial pressures of HCl and NH; in the presence of H,O at 
approximately its normal vapor pressure always lead to con- 
densation of NH,Cl solution droplets. 


1R. E. Vollrath, Rev. Sci. Instr. 7, 409 (1936). 
2E. L. Spotz and J. O. Hirschfelder, J. Chem. Phys. 19, 1215 (1951). 





Photochemical Method of Maintaining a 
Continuous Cloud Chamber 


RICHARD E. VOLLRATH 


Physics Department, University of Southern California, 
Los Angeles, California 


(Received December 20, 1951) 


NE of the difficulties met with in a continuous cloud chamber 

described by the author! is to maintain a uniform concen- 
tration of HCl throughout the volume of the chamber. When the 
source of the HCl vapor which is to condense with water vapor 
on ions is a solution of HC] there will be a concentration gradient 
of HCl vapor in the chamber. The concentration may be high 
enough at the upper part of the chamber to produce ion tracks. 
But the concentration may be so high near the lower part as to 
result in spontaneous droplet formation with the result that 
violent turbulence badly distorts the tracks. It occurred to the 
writer that the HCl might be generated photochemically through- 
out the volume of the chamber. The photochemical oxidation of 
chloroform turns out to be suitable for the purpose. The over-all 
reaction involved is 2CHCl;+02+2H,20=2CO.+6HCI. There is 
an intermediate step in this reaction in which phosgene is formed 
2CHCl;+02=2COCI,+2HCI. The phosgene then reacts with the 
water vapor present in the reaction volume and forms CO: and 
HCl. It was found that this reaction occurs readily and proceeds 
fast enough in the diffused light of the laboratory to maintain a 
sufficient HCl concentration. A small amount of NH; allowed to 
a into the chamber facilitates tracks formation (see preceding 
etter). 

The observations were made in a cylindrical Pyrex jar, 6 in. 
high and 6 in. diameter. A glass plate on a Neoprene gasket closed 
the top of the jar. At the bottom of the jar was placed a layer of 
water (100 cc) and about 1 cc of chloroform. A little Cl, water 
added enables the reaction to start immediately. It was found that 
¢ven without the chlorine the reaction proceeded after a pre- 
liminary delay. In sunlight the formation of HC] is so rapid that 
1on tracks of very large droplets settling out in a few seconds are 
produced. The track formation diminishes after a while. But traces 
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of ammonia allowed to diffuse into the jar keep the track formation 
going. In sunlight the turbulence is very violent, as may be 
expected from the very rapid growth of HCI solution droplets. 
However with the NH; diffusing into the chamber, a much lower 
rate of production of HCl suffices, and the diffused light of the 
laboratory is sufficient illumination. Illumination of the chamber 
with an incandescent lamp makes it possible to control the 
illumination and hence the rate of the reaction to a value that 
generates just the right amount of HCl to keep up with its loss 
by condensation. There are undoubtedly other photochemical 
reactions that might be utilized in a similar way. For example, 
the photochemical bromination of toluene would give rise to 
toluyl bromide and HBr. The toluyl bromide has a low vapor 
pressure at ordinary temperatures and should form a super- 
saturated vapor as it accumulates. If toluyl bromide is capable of 
condensing on ions, then droplets of toluyl bromide should form 
an ion track. The other product of the photobromination of 
toluene, HBr, forms ion tracks with H,O vapor if water is present 
in the reacting system. The author has found HBr produced in 
the above reaction to behave exactly like HCI, and droplet forma- 
tion is facilitated by traces of ammonia or amines. This is some- 
what puzzling because it would be expected that the NH; would 
immediately react with bromine to form HBr and N». 

Another possibility is the photochemical decomposition of cer- 
tain vapors. Tyndall, the discoverer of the light scattering by 
small particles, observed that the vapor of amy] nitrite and similar 
substances decompose in the light of an arc and deposit, in the 
form of a thick fog of liquid decomposition products. The author 
has carefully watched strongly illuminated amyl] nitrite vapor 
and found that during the early stages of the decomposition 
cosmic-ray tracks can be seen. These are very likely the result of 
the accumulation of low vapor pressure decomposition products. 
As these accumulate the vapor becomes supersaturated and 
condenses on ions. It is suspected that nitric acid is one of the 
decomposition products. Earlier observations made by the author 
show that HNO; vapor condenses with HO on ions in the same 
way as HCl. There are produced, however, in the decomposition 
of amyl nitrite other products which appear to condense spon- 
taneously and ultimately fill the chamber with a thick fog. Other 
systems are being investigated in an effort to find a simple photo- 
chemical decomposition which can be used to operate a photo- 
chemically maintained cloud chamber. 


1R. E. Vollrath, Rev. Sci. Instr. 7, 409 (1936). 





Erratum: The Ionization Potentials of the 
Deuterated Methanes 


[J. Chem. Phys. 19, 1254 (1951)] 
F. P. Lossinc, A. W. TICKNER, AND W. A. Bryce 
N page 1258 of the paper referred to above, the sum 
Zi wig, Was given as 19,994 cm™!. This value should be 


zi ion, = 18,946 cm™; 


then 
G(0)cH.—G(0)cp,4= 0.05 X 18,946—! = 2842 cm™. 


The difference calculated from spectroscopic data is then 
(18,946— 13,954) /2= 2496 cm™. 
While this agreement is not as good as was previously given, it is 
still sufficiently good for the present purpose. Then 
G(0)cHy*— G(0)cp,4+=0.15X (7/8) X 18,946= 2658 cm™! 
si Icp4—IcHe= 2842— 2658 = 184 cm™!. 


This is about 0.02 volt instead of 0.03 volt given previously. 
The correction of this error, although allowing more latitude in 
the approximation used, does not in any way affect the conclusion 
that the experimentally found difference between the ionization 
potentials of methane and tetradeuteromethane is at least 0.1 
volt greater than can be assigned to zero-point energy differences. 
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The Acid Decomposition of Dilute Sodium 
Thiosulfate 


ETHEL M. ZAISER 
Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received December 26, 1951) 


N a recent letter, Kerker! reports a marked effect of the con- 
centrations of acid and thiosulfate on the optical density 
characteristic of the termination of the “induction period”’ (i.e., 
tg, the time required for the appearance of colloidal sulfur). His 
explanation is that the optical density at ¢g is due not only to 
the critical supersaturation concentration of dissolved sulfur, 
which must be practically constant, but also to tetra- and penta- 
thionates produced in amounts which depend on the concentra- 
tions of acid and thiosulfate. 

Kerker fails to point out that the contribution of polythionate 
to the optical density is important only when the concentrations 
of these reactants, particularly the acid, are sufficiently high.* 
La Mer and co-workers restricted their studies to that range of low 
concentrations of Na2S.0; (0.001 to 0.003 M) and HCl (0.001 to 
0.006 M) in which monodispersed sulfur hydrosols are produced. 
Over thirty experiments yielded an average of 0.020+5 percent 
for log(Io/J) at ¢g.8 This in turn is responsible for an average 
deviation of 5 percent in the rate constant calculated for the 
homogeneous formation of sulfur. These small variations in 
log(Io/Z) and the demonstrable absence of a trend with concen- 
tration of reactants was taken as indirect evidence that no 
appreciable concentrations of polythionates are present at ¢g in 
these dilute solutions. This view has been confirmed by Dinegar, 
Smellie, and La Mer‘ by an independent method. Their chemical 
analyses of acidified solutions of thiosulfate (in the range of low 
concentrations described above) show that the rate of formation 
of polythionates is exceedingly small compared with that of sulfur. 
Polythionates are present in the early stages of the reaction 
(e.g., at ¢g) in trivial amounts only. 

Further evidence comes from Smellie’s findings’ based on elec- 
trophoretic studies that the micelles in monodispersed sols in 
these dilute ranges are positively charged, whereas those in sols 
prepared from more concentrated solutions are negatively charged. 
The addition of very small amounts of polythionate ion (2 10 
molar) to dilute sols reverses the sign of charge. 

1M. Kerker, J. Chem. Phys. 19, 1324 (1951). 

2 For a summary of relevant work by Bassett and Durant, Janickis, and 
others, see D. M. Yost and H. Russell, Jr., Systematic Inorganic Chemistry 
of the Fifth-and-Sixth-Group Nonmetallic Elements (Prentice-Hall, Inc., 
ey 4 York, 1944), pp. 387-398. 

M. Zaiser and V. K. La Mer, J. Colloid Sci. 3, 571 Gens), Table II. 


‘ie Smellie, and La Mer, J. Am. Chem. Soc. 73, 2050 (1951). 
5 R. H. Smellie, dissertation, Columbia University (May, 1951). 





The Shape of the Coexistence Curve in the 
Critical Region 


Bruno H. ZimM 
General Electric Research Laboratory, Schenectady, New York 
(Received December 28, 1951) 


N a recent communication Rowden and Rice! reported data on 
the coexistence curve of aniline and cyclohexane and stated 
that six mixtures of different compositions in the neighborhood of 
the critical point all separated into two phases within 0.003° of the 
same temperature. From this they concluded that the coexistence 
curve had a flat top. However, if one attempts to fit their data 
by the equation 
T.—T =60(x'—x"’)!, (1) 
where T is the temperature, 7, the highest temperature at which 
phase separation occurs, and x’ and x” are the mole fractions of 
the two phases coexisting at 7, it is found that the curve passes 
within 0.003° of all the six mixtures nearest the critical point and 
in addition fits the mixtures of extreme composition. Hence, we 
conclude that these data are as consistent with the existence of a 
cubic coexistence curve as with a flat-topped coexistence curve. 
A cubic curve has been found also in the two-liquid system 
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of carbontetrachloride-perfluoromethylcyclohexane? and for the 
liquid-gas coexistence curve of a number of gases.? Guggenheim! 
has found that the gas-liquid data may be represented over a 
wide range by an equation of the form 


(T.— T)/T.= [R(p1—po)/pe }* ’ (2) 


where p, is the density of the gas, p; the density of the liquid, 
and p, the critical density. Equation (1) may be expressed in 
this form if x replaces p, and x, the critical mole fraction, is 
replaced by 0.5, its average value for the two components. When 
this is done, the constant & requires the value 0.3 in order to repre- 
sent Rowden and Rice’s data, 0.32 for the carbontetrachloride- 
perfluoromethylcyclohexane case, while Guggenheim used a value 
of 2/7 or 0.286 for the rare gases. It is remarkable that this 
constant is so nearly the same for such diverse systems. 
1R. W. Rowden and O. K. Rice, J. Chem. Phys. 19, 1423 (1951). 


2B. H. Zimm, J. Phys. and Colloid Chem. 54, 1306 (1950). 
3 E. A. Guggenheim, J. Chem. Phys. 13, 253 (1945). 





The Kinetics of the Exchange of Tritium between 
Hypophosphorous Acid and Water 


WILMER A. JENKINS AND Don M. Yost 


Gates and Crellin Laboratories of Chemistry, California 
Institute of Technology, Pasadena, California 


(Received January 10, 1952) 


ECAUSE the reactions of phosphorus and its compounds 
have long been a source of fundamental interest and even 
affectionate regard to chemists, to physicists, and to those delving 
into the chemistry of plant life and because, in particular, the 
oxidation kinetics of aqueous hypophosphorous acid present some 
very puzzling features, it was deemed important to approach the 
kinetics problem from a fresh point of view. 

We have, therefore, measured the rates of exchange of radio- 
active hydrogen (tritium) between tritiated water, HTO, and the 
two “undissociable” hydrogens of monobasic hypophosphorous 
acid, Hs;PO. 

@ =~ aeeg H.POOH+HTOSHTPOOH+H.O. 

Exchange runs were carried out as follows: stock solutions of 
hypophosphorous acid and tritiated water were mixed in a 
thermostat. Samples were withdrawn from time to time and 
quenched by neutralizing them with thallous hydroxide. (Pre- 
liminary experiments showed that the exchange reaction does 
not take place in neutral solution.) The resulting solution was 
then evaporated at room temperature in vacuum to obtain solid 
thallous hypophosphite. Circular, flat planchets were then filled 
with the thallous hypophosphite and inserted into a windowless, 
Q-gas flow, Geiger-Miiller counter for tritium assay. The back- 
ground count of this counter is 36-38 c/m; sample activities 
ranged from 300 to 1800 c/m. About 45 runs were made at 16 
different concentrations to determine the order and the values of 
the catalytic coefficients (rate constants) given in the following. 
All runs were carried out in duplicate or triplicate; the average 
reproducibility of a given run was about 2 percent. 

It was found that the kinetics of this exchange in acid solution 
follow the equation 

R=kH(H*)(H3PO2)+H3P02(H3PO2) - (1) 
when H* and H3PO, are the only acids present in the system 
R is the rate at which the exchange of one “undissociable” hydro- 
gen atom per acid molecule takes place. Experiments in which 
other acids were added to the system showed that (1) is a special 
case of the general rate equation 

R= (H3PO2)2. (HA) aka, (2) 
that is, the reaction is subject to general acid catalysis in the 
Bronsted sense. 
At 30.0° the values of the catalytic coefficients in (1) are 
kH=3.340.15 
kH3gPO2=2.9+0.14 
in units of liters per mole hour. 
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Studies by several investigators**-” on the rate of oxidation of 
aqueous hypophosphorous acid to phosphorous acid by various 
oxidizing agents (Bro, Cle, Iz, HgCle, CuCle, 103) have shown that 
the rate law, and under certain conditions, the rate constants are 
the same for all of these oxidation reactions irrespective of which 
oxidizing agent is used. In acid solution the oxidation reaction 
follows the rate law 





R= (HsPO2)2. ka®(HA)a 


~ 14[2_ (HA) aka’®/k:(Ox) 7 ” 











































where R° is the rate at which hypophosphorous acid is oxidized to 
phosphorous acid, (Ox) is the concentration of the oxidizing agent, 
and k;° is a constant which varies with the oxidizing agent. When 
the concentration of the oxidizing agent is made about 0.1f or 
greater, (3) reduces to 


R®= (H3PO2)2q (HA) aka®, (4) 


that is, the rate becomes independent of the concentration and 
nature of the oxidizing agent. This happens because under these 
conditions, reaction (5) below becomes rate determining. 

The mechanism proposed to explain this oxidation rate law is 
as follows: 


ko® 
(H;PO2);——>(H3PO2);;__ slow, (5) 

ka’? 
(H3PO2);;—>(H3sPO2); rapid, (6) 

k,° 
(HsPO2);;+O0x——H;P0;+Red rapid, (7) 


where (H3PO-2); denotes the concentration of the “normal” form 
of hypophosphorous acid in solution, and (H3PO2)7; denotes the 
concentration of an ‘‘active”’ form. It is assumed that the oxidizing 
agent reacts only with the active form to produce phosphorous 
acid, and that both reactions (5) and (6) are subject to general 
acid catalysis. The further assumption of a small, steady-state 
concentration of the active form leads to the aforementioned rate 
laws, (3) and (4). 

The values of the catalytic coefficients for H+ and H3PO2 found 
at 30.0° for the oxidation reactions are” 


kH°=21 
kH3P0.°=7.6 


in units of liters per mole hour. 

The exact correspondence between the rate laws (1) and (4) 
and the close correspondence between the values of the catalytic 
coefficients ka and kg° for the two acid catalyzed reactions shows 
that the exchange reaction takes place via the equilibrium ex- 
pressed by reactions (5) and (6). Furthermore, it seems quite 
likely that the normal and the active forms differ in the position 
ofa hydrogen atom on the H;PO: molecule. The difference between 
the numerical values of ka and k,° is a result of isotope effects. 

Thus the results of the exchange experiments serve to verify 
the presence of two tautomeric forms of hypophosphorous acid in 
aqueous solution and the essential validity of the mechanism of 
the oxidation reaction originally suggested by Mitchell.2* More- 
over, a clue emerges regarding the more precise nature of the two 
tautomeric forms. A detailed account of this research will be 
published later. 

We wish to acknowledge with thanks the helpful discussions 
with Professor Ernest Swift and Dr. Norman Davidson. The re- 
scarch was supported in part by a grant from the Research 
Corporation for which we are grateful. 
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Change in Thermodynamic Properties Along 
Isentropes at the Coexistence Line Far 
from the Critical Point* 


S. G. REED, JR. 


U. S. Naval Ordnance Laboratory, White Oak, 
Silver Spring 19, Maryland 
(Received December 19, 1951) 


HE isentropic curve on a p—» diagram for a single com. 
Pvnent substance undergoes an abrupt change in slope on 
passing through the coexistence line.' It does not seem to have 
been noticed that in the region of volumes much larger than 
critical, the amount of this change can be calculated with a 
degree of approximation usually employed in analyses of this 
type. 
In the coexistence region the slope of the isentropic is given by 


(0p/dv)s= = T(0p/d T) o*/Cy. (1) 


Using the Clausius-Clapeyron equation, and assuming that the 
specific volume of the condensed phase can be neglected com- 
pared to that of the vapor ana chat the specific heat L is constant, 
is equivalent to taking for the vapor pressure an equation of the 
type Inp=A—B/T, with A and B constants. At the coexistence 
line 


Cy=C,, sat.+-(L2/RT?—2L/T), (2) 
and 


(ap/dv) = — p?/RT(1—2RT/L+C., sat.RT?/L?)—1, (3) 


where C,, sat. is the specific heat of the saturated condensed phase. 
For those substances having C,, sat.RT?/L?<1, Eq. (2) reduces to 


(0p/d0) s=(— p?/RT)(1—2RT/L)". (2') 


It is interesting to compare this with the slope along the co- 
existence line 


(0p/92)coex. = (— p?/RT)(1—RT/L)™. (4) 


Evidently for such substances the saturate disentrope is always 
steeper, at the coexistence line, than the coexistence line itself. 

A calculation for several substances for which virial coefficient 
data are available indicates that only a very small error will be 
made if, in computing the slope up to the coexistence line, the 
perfect gas equation of state is used. Using the perfect gas equation 
it follows that 


(0p/02)s, vap. = — yp?/RT. (5) 


An example of the abrupt change in slope occurs with nitrogen 
at 65°K where the slope at the coexistence line decreases sharply 
by about 10 percent. Equally sharp decreases occur for the 
related adiabatic compressibility and sound speed defined as 
(0p/dp)s.? ' 

Illuminating discussions on this problem with Dr. K. F. 
Herzfeld are gratefully acknowledged. 

* Some of this material was reported at the New York meeting of the 
American Physical Society, February 1-3, 1951. 

1F, Bosnjakovic, Technische Thermodynamik I (Edwards Brothers, 
Ann Arbor, 1944), p. 188 


2 Wegener, Reed, Jr., Stollenwerk, and Lundquist, J. Appl. Phys. 22, 
1077 (1951). 





Erratum: On the Energetic Treatment of 
Non-Isothermal Processes 
{(J. Chem. Phys. 19, 519-25 (1951)] 


Hans HOLTAN, Jr. 
Norges Tekniske Hoegskole, Trondheim, Norway 


EXT to Fig. 1, 350°C should be 327°C; text to Fig. 2, 327°C 
should be 350°C; the line just after Eq. (21), cation should 
be anion; and sixth line after Eq. (32), Eq. (8) should be Eq. (32). 
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Hybridization and Molecular Structure 


JULES DUCHESNE 
Institute of Astrophysics, University of Liege, Cointe-Sclessin, Belgium 
(Received January 15, 1951) 


N recent papers! we have shown that the bond properties of 
many molecules can be properly interpreted by using sp 
hybridized orbitals with a small amount of s-character, not only 
in the central atoms, as already well known, but in the end- 
atoms as well. The analysis of this problem led us to formulate 
a principle which was expressed in the following way: ‘The 
hybridization of an atomic orbital of an atom bonded to a hy- 
bridized carbon atom changes with the amount of hybridization 
of carbon and tends to become equivalent.” In this connection 
it seems worth while to draw attention to the meaning of new 
experimental results concerned with the structure of particularly 
appropriate molecules such as CH;CCH and CF;CCH.? Indeed, 
the HCH and FCF angles in these molecules have a value of 
about 107.5° which is definitely less than the tetrahedral one’ 
Furthermore, the CC single bond only amounts to 1.46A in both 
molecules and is therefore contracted with respect to the sum of 
the carbon radii, equal to 1.50A, corresponding to the sp? and sp 
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hybridization. The possibility of interpreting these facts quanti- 
tatively rests on a redistribution of the carbon hybrid atomic 
orbitals of CH; and CF;3. This can easily be performed because the 
orbital distribution is unequivocally determined by the HCH and 
FCF angles. The result of the calculation gives more s-character 
in the CC single bond which becomes almost sp?+-sp instead of 
sp?+sp, which would be the case if the angles were 109° 28’, 
Then the CC bond length becomes 1.478A in satisfactory agree- 
ment with the experimental value (1.46A). 

Our principle is therefore strikingly confirmed for molecules 
which can be most adequately handled. It would of course be 
important to get more experimental data for series of molecules in 
which the end-atoms are identified as pyramidal radicals. In this 
case the change of hybridization, which amounts approximately to 
8 percent of the s-character, is larger than for the halogen end- 
atoms considered earlier.! 

A detailed account will soon appear in the Mémoires de 
Académie Royale de Belgique. 

1 J. Duchesne, Trans. Faraday Soc. 46, 187 (1950); J. Chem. Phys. 19, 
246 (1951). 

2R. Trambarulo and W. Gordy, J. Chem. Phys. 18, 1613 (1950); 


Shoolery, Shulman, Sheehan, Jr., Schomaker, and Yost, J. Chem. Phys. 19, 
1364 (1951). 





